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Abstract

Inthis 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 scienti ¢ 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 de ned by ROW isto identify ocean worlds,
characterize their oceans, evaluate their habitability, search for life, and ultimately understand any life we nd.
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 nds that the con rmed ocean worlds Enceladus, Titan, and Europa are the highest priority
bodiestotargetinthe nearterm to address ROW goals. Tritonis the highest priority candidate ocean world to target
in the near term. A major nding of this study is that, to map out a coherent Ocean Worlds Program, signi cant
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 nding is that progress needs to
be made in the area of collaborations between Earth ocean scientists and extraterrestrial ocean scientists. Key
Words: Roadmap Enceladus Titan Europa Triton NASA. Astrobiology 19, 1—27.

1. Introduction discover extant life in habitable worlds (HW) in the Solar
System. In support of these efforts, the Outer Planets As-
he 2016 Congressional Commerce, Justice, Sciencesessment Group (OPAG), directed by NASA s Planetary
and Related Agencies Appropriations Bill (hereafteBcience Division (PSD), formed the Roadmaps to Ocean
CJS) directed NASA to create an Ocean Worlds ExploratioWorlds (ROW) group to assemble the scienti ¢ framework
program, using a mix of programs already established withguiding the exploration of ocean worlds. ROW was given the
NASA. Their direction for this program was to seek out antbllowing charter:
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3.4. Goal IV. Understand how life might exist at each Evidence for metabolism (isotopic fractionations from abi-
ocean world, search for life, and understand otic values, co-location of electron donors and acceptors)
the biology can be more easily detected, but its lack of speci city requires

xcellent contextual knowledge. Functional molecules (nu-
Cleic or amino acid polymers, pigments) are highly specic
and easy to detect, but they may not be universal. Potential
A.1. What can we learn about life in ocean worlds fronpiomolecule components (nucleic or amino acids, lipids,
studying life on the Earth? sugars) with structural preferences (nonrandom chirality,
A.2. What niches for life are possible in ocean worlds?carbon number, or trace element compositions) may be uni-
A.3. What can we learn about life by understanding théersal and easy to detect, but they have low speci city.
history of life in ocean worlds? Any extant life in ocean worlds (A.5) is likely to be present

A.4. What should be our target indicators? as single-celled prokaryotes (and potentially eukaryotes).
A.5. How do we distinguish extant from extinct life in(This is also discussed in IV.B.2 below.) Micrometer-scale
environments in which life might develop, and whichimaging can conrm the presence of cells irrespective of

timescales €.g, for metabolism, reproduction, dor- their chemistry, and uorescence imaging with dyes that are
mancy) matter? speci c to biochemicals€.g, lipids, proteins, nucleic acids,

sugars) can assess the co-location of chemicals that are

The Earth is the only planet yet where life is known taelevant to life and cell-like features. The required resolu-
exist. Analog studies of life in the Earth s oceans and othéon for such imaging should be the same in ocean worlds
habitable niches provide our only anchor for extrapolations teith liquid water as on the Earth: The upper size limit for
other ocean-bearing worlds (A.1). Examples of what can Isingle-celled organisms is set by diffusion rates that are
learned from such studies include: (1) the range of physicsimilar in liquid water everywhere, and the lower limit is set
(e.g, temperature, pressure, radiation levels) and chemidaf the need to contain a self-replicating genome and the
(e.g, pH, redox, salinity/water activity, major/trace elementathemistry required to manufacture cellular proteins.
abundances) conditions that life tolerates; (2) whether knownAs on the Viking missions, metabolism can be observed by
extremophiles exist at the temperatures, pressures, pH, radipplying electron donors/acceptors and labeled nutrients to a
ation levels, etc. found on other ocean worlds; (3) whetheample, and monitoring abundances of labeled products over
there exist areas on the Earth that do not support life (atiche. This approach would bene t from simultaneous micro-
why); (4) how long it takes ecosystems to colonize a giveend macroscopic imaging of the reaction volume. Micro-
environment, or adapt/evolve to changing physicochemicstopic imaging could detect growth, reproduction, motility
conditions; (5) the metabolic diversity that might be expecte@asily distinguished from Brownian motion), and taxis, and
in ocean world environments; and (6) the amount of potentiaksess their correlation with chemical measurements of met-
biomass that could be sustained in a given ocean world. abolic activity. Macroscopic imaging could perform the

Niches for extant life (A.2) must provide a solvent, energyequivalent of colony counting. Rapid changes in activity can
and nutrients for a suf cient amount of time. By de nition, be stimulated by modest temperature changes or nutrient
ocean worlds provide a solvent, and the materials that planatidition, although obvious changes, such as the regrowth of
form from can be expected to contain the necessary nutrientggella from dormant bacteria, can take several hours.
Lacking sunlight, bioavailable energy requires the co-location, On the Earth, microevolution can be very rapid in single-
in chemical disequilibrium, of electron donors and acceptorselled organisms. Organisms with random mutations might
Determining which metabolic strategies are possible, whiaevelop into distinct populations with different nutrient
dominate, and what their spatiotemporal distribution is irpreferences. Thus, evolution might be detected within days or
volves nding out which electron donors and acceptors ameeks, by supplying a sample container heterogeneously with
present, what their abundances are, whether there exist megtvariety of chemical stimuli and measuring cell concentra-
anisms to bring them together, and the quanti cation of soutions in different regions. Short of being able to induce evo-
ces, sinks, and their variation in space and time. lution, a proxy is the observation of multiple species in a

Our current knowledge of biology is entirely based on lif@opulation, likely to arise in the presence of different habitable
on the Earth, but nding life elsewhere would provide otheniches. Microbial diversity might be detected with short-term
data points to infer universal properties of life. Key conebservations of differences in activity levels with different
siderations include the emergence of life, how long a worldutrient sources, motility styles (nonmotile, motile, various
has been inhabited, whether (and which) evolutionagwimming mechanisms), or even structures for organisms that
pressures might have driven or prevented life s diversi caare larger than a few microns.
tion, and how geological and environmental changes couldlV.B. How to search for and analyze data in different
affect habitability over time (A.3). environments?

Ideal target indicators (A.4) are speci c to life (not found
in abiotic systems), universal (not limited to life on the B.1. How can we look for extant life in an ocean world
Earth), and easy to detect. To date, we do not know of any remotely (from orbit or during a yby)?
single indicator that satis es all three criteria. Darwinian B.2. How can we look for extant life in an ocean world in

IV.A. What are the potential biomarkers in each habitabl
niche? (determinevhatwe are looking for)

evolution and reproduction may be the only specic and in situ (landed, underwater, plume) investigations?
universal indicators, but we cannot measure them even foB.3. How can we look for extant life in an ocean world
most of life on the Earth, which we cannot culture. Growth with sample return science?

(concurrent life stages) and activity (motility, feeding, bio- B.4. Which science operational strategies should be used
Im formation) are speci c, but they may not be universal. to detect life in ocean worlds?






16 HENDRIX AND HURFORD ET AL.

the research goals of NASA s Astrophysics Division, particu-
larly in relation to the identi cation and characterization of
habitable exoplanets and/or their moons. The ROW inves-

tigations are also applicable taunderstanding the chemical
and physical processes of exoplanets, including the state and
evolution of their surfaces, inters, and atmospheres, 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 conrmed 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 @mnment, characterization of
prebiotic chemistry as an indication of how far toward life thé&IG. 6. The Enceladus plume, sourced by a potentially
conditions have progressed, @sassment of the habitability ofhabitable subsurface ocean. Credit: NASA/JPL/Space Sci-
the environment) even if life signatures are ambiguous or a@Ace Institute.
sent in that particular mission. If hints of biosignatures are
found, an appropriate follow-on mission should be planned.

In this r.oadmap are the con rmed ocean worlds .Er.'étrongly recommends that a search-for-life mission at En-
cela_dus, Titan, af‘d Europa, which are the highest priori ladus be of high priority in the next decade. Enceladus
bodies to target in the near term to address ROW goaisqion architectures that address the search for life should be
Triton is the highest priority candidate ocean world to targ udied in advance of the next Decadal Survey. New tech-
in the near term. nologies may need development in addition to that funded for

the New Frontiers 4 ELSAH concept.
4.1. Con rmed ocean worlds

Europa, Titan, and Enceladus are con rmed ocean worlds4-1.1.2. EuropaEuropa Clipper is a agship mission in
and each is a compelling target in different ways. As knowRhase B of development; the overarching goal of Clipper is
ocean worlds, the next step on the ROW goals list (Table 19 establish the habitability of Europa. An astrobiology-
for these bodies is to characterize habitability (as needd@fused Europa Lander mission has been studied (Hand
and then, when/if habitability is deemed adequate for life, 8 &l 2017). The ROW team recommends that the Europa
search for life. Clipper mission continue as planned for its importance in

Ganymede and Callisto are also known ocean worlggharacterizing the habitability of Europa. 'I_'he_ ROW team
which are of lower priority in the roadmap in terms ofSUpports a Europa-landed search-for-life mission, especially
characterizing habitability or searching for life. Because thedethe science payload can yield important astrobiological
oceans are deeper and there is no evidence of communicai[¥mation even if biosignature results are ambiguous.
between liquid water and the surface and/or a silicate coretich @ mission will advance the technologies needed to
oceans at Ganymede and Callisto should be better understg§¢ect biosignatures at ocean world targets, especially from
before exploring them as potentially habitable. This lack df Situ measurements.
knowledge limits their ability to support more of the Ocean

ority from the other known ocean worlds. 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
4.1.1.1. EnceladusThe habitability of Enceladus oceanTitan are possible. The Dragon y mission concept has been
has been suf ciently established by usi@assinimeasure- selected for a Phase A study for New Frontiers 4. The ROW
ments (Fig. 6), and thus to address ROW goals, a search-fi@am considers missions to characterize Titan s ocean and
life mission could be sent as a next step. The ROW teaassess its habitability to be of high priority. Even if

4.1.1. Known ocean worlds: target summary and recom-
mendations
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Dragony is selected for New Frontiers 4, additional Titar#.2. Candidate ocean worlds

missions that advance the understanding of Titan as aNriton. Pluto. Ariel. Miranda. and Ceres are among the

ﬁXssibIe ocean worlds in the Solar System. Spacecraft data
returned from these bodies suggest the possible presence of
C extant liquids in their interiors, but the size of any liquid
4.1.14. GanymedeThe ESA JUICE mission Is set to reservoi?is unknown. These bodies must be explorgd f?thher
explore Ganymede. This mission will characterize Ga% determine whether they have extant oceans and whether
ymede Sf subsuréar(l:'e hocean, .Iocatedbbetweend Iayersdtﬂéy should be further studied as ocean worlds. The next
T et vcma oo St e SamsSon [0 these bes should esablish the presence of
| bound ication bet h ) bsurf ceans, per_haps usmg_orbltmg spacec_raft (_or multiple yby
place bounds on communication between the subsur ?ssmns) with magnetic, gravity eld, libration, and/or to-
ocean and the s_qrface, energy input into the Ocean.layﬁfjgraphic measurements of tidal exing. Should extant
and the habitability of oceaneparated from underlying eans be found, future missions should characterize those
rocky mantles. The ROW team supports the ESA JUIC eans to establish their habitability and then potentially

mission. search for life.

. . . In ranking the priority of the worlds just described, we
4.1.1.5. Calll|sto.Th|s known ocean world remains to beconsider two factors: the timing of geological activity,
fully characterized. Its deep subsurface ocean and its Ig

’ : . L iggesting the presence of an ocean, and the likelihood of
cation on the _edge of the Galilean satellite system limits nﬂf-s activity being endogenic (including tidal) as opposed to
only communication between the ocean and the surface té genic (driven by insolation or impacts)
also vital energy input to the ocean. It may serve as an en X

b th Id t d helo. al ... Other possible ocean worlds exist. However, the bodies
member on the ocean world Spectrum and heip, along W'ﬁgted here represent the most likely targets on which we can
Ceres, to characterize the limit of the ability of bodies tQ

> . ! : L nrm ns in the near future.
maintain oceans with sparse tidal input. In addition, be-0 oceans in the near future

cause Callisto s ocean is also located between two layers oy 5 1~ candidate ocean worlds: target summary and rec-

ices, Callisto studies could inform studies of Ganymede &, nendations

ocean. The ROW team supports mission studies to charac-

terize Callistos ocean and its sustainability. A smallsat 4.2.1.1. Triton.Of the worlds just cited, Triton is deemed
mission to Callisto should be studied, which can perhajise highest priority target to address as part of an Ocean Worlds
advance ROW objectives. Program. This priority is given based on the extraordinary hints

and considered by the Decadal Survey panel.

FIG. 7. Voyager2image of Neptune s
moon Triton. Image credit: NASA.
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of activity shown by the Voyager spacecradtd, plume ac- 5. Mission Scenarios

tivity; smooth, walled plains units; the cantaloupe terraig 1. Enceladus

suggestive of convection) (Fig. 7) and the potential for ocean-"

driven activity given byCassiniresults at Enceladus. Although The next steps for exploration of Enceladus should build
the source of energy for Triton s activity remains unclear, atin the science achievements of f@assinimission and le-
active bodies in the Solar System are driven by endogenic hgatage existing and developing technologies to best assess the
sources, and Triton s activity coupled with the young surfadgabitability or presence of biosignatures (extinct or extant) on
age makes investigation of an endogenic source importatiis moon. The following sequence of missions is proposed,
Further, many Triton mission architectures would simultabut not explicitly required, to achieve these objectives:
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.

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

Plume yby+sample return to enable higher delity
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. Lander this 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 yby. An option could be to combine this with a
crawler (below).

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

Submarine to access the ocean (delivered via either
crawler or melt probe) in this nal 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 oor to verify the presence of,
and collect samples from, hydrothermal vents.

4.2.1.2. PlutoPluto is the rst 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 presen
Studying large KBOs opens up a hew 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 Systeng(to a
gas giant) are also encouraged.

4.2.1.3. Ariel and MirandaAfter the Voyager yby of We note that any mission architecture must remain ex-
the outer Solar System, siharities between Enceladus,ible to accommodate discovery-driven changes. From
Miranda, and Ariel were noted. Only aft@assini sarrival Sherwood (2016): Among the many ocean worlds of
were Enceladus extant geological activity and ocean disur Solar System, Enceladus appears unique in its combi-
covered. Both Miranda and Ariel show evidence for recemation of astrobiologically relevant and exploration-worthy
signi cant tectonism that could indicate subsurface oceanattributes: extensive liquid-water ocean with active hydro-
A mission to the Uranian system should set, as a top pthermal activity, containing salts and organics expressed
ority, ybys of these moons to search for evidence opredictably into space. The Enceladus south polar plume
subsurface oceans. allows direct access to telltale molecules, ions, isotopes, and

potential cytofragments in space. Plume mass spectroscopy

4.2.1.4. CeresCeres is a unique case, a hydrous dwagnd sample returrin situ investigation of surface fallback
planet in the asteroid belt. Ceres*is50% H,O in volume deposits, direct vent exploration, and eventually oceano-
and has a 40-km-thick shell dominated by volatiles, with graphic exploration can all be envisioned. However, build-
density of 1.28 g/crf) but whether there is liquid water in itsing consensus to fund such ambitious exploration hinges on
interior today is the subject of ongoing analyses of data froacquiring key new data. A roadmap is essential. It could start
the Dawnspacecraft. Ceres is a small and heat-limited bodwjth cost-capped onramps such as ythrough analysis of the
likely in the process of freezing, so it may provide an endslume, following up onCassinimeasurements with modern
member scenario for medium-sized ocean worlds withointstruments; and sample return of plume material for analysis
tidal heating. Modeling and experimental research (utilizingn Earth. A methodical mission sequence in which each step
Research and Analysis [R&A] funding) in light ddawn depends on emergent results from prior missions would push
results would inform the understanding of ocean worlds asrasitu oceanographic exploration into the second half of this
whole. A Ceres mission with a primary objective to deteatentury. Even for this scenario, prioritization by the next
and characterize any liquids within Ceres should be studipthnetary Decadal Survey would be pivotal.
to determine how well small mission classes can help ad-Thanks to the pioneering work @assinj the rst major
vance ROW objectives. steps in the astrobiological exploration of Enceladus have
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already been accomplished: (1) A global, subsurface ocesurface, to look for compositional indicators of recent ac-
was identi ed and con rmed; (2) simple and complex orivity (such as plume deposits), regions where communica-
ganics have been detected in a plume that is sourced fréion between the surface and subsurface are likely to occur,
the ocean; (3) multiple independent lines of evidencas evidenced by high concentrations of nonice materials
strongly suggest hydrothermal activity; and (4) the optimgBhirley et al., 2010), and/or regions in the ice shell where
landing region for a Lander has been established (the Tiggeological processes such as subsumption (Katterhorn and
Stripes); further high-resolution reconnaissance is neededRmckter, 2014) and ridge formation (Greenberg, 2010),
nd a safe landing site within the plume fallout zone. Thisamong others, may facilitate the cycling of surface species
puts Enceladus in a pivotal role as one of the path ndinmto the subsurface. As warm ice diapirs may be habitable,
targets where we may test our mission strategy to exploaad their movement through the crust will heat the sur-
ocean worlds. The optimal strategy must minimize theunding country ice (Quick and Marsh, 2015), producing
number and scope (and therefore cost) of missions neededrémsient habitable environments that may Ias"t—]:mgyears
address the question (is there life on Enceladus?) while s{iRuiz et al., 2007), chaos regions, and lenticulae elds could
achieving the scienti c rigor needed to test such a malso be prime targets for subsurface sampling. Engineering
mentous hypothesis. constraints would also come into play, as we consider what
One unique issue for an Enceladus astrobiology missi&ind of surface a lander could successfully access.
is that nearly all orbital trajectories to target this small moon A Europa Lander mission concept is currently under
must also include a Titan yby. Instruments designed fostudy by NASA. Follow-on missions would likely depend
ultrasensitive detection of organics must be adequatedyn the results of the rst Europa Lander mission, and
isolated from contamination during this Titan encountemvhether it detects clear biosignatures. Such future mis-
this may be a nonissue given that a yby well outside o$ions would likely include more capable landers, rovers,
Titan s atmosphere can be used for this purpose. Inlet covarsd eventually a submersible or melt probe that would
and/or decontamination heaters may help to address tHisectly access the subsurface liquid ocean layer and might
concern. even return samples (Sherwood, 2016). Seismology on a
lander would greatly facilitee future exploration into
Europa s ice shell or ocean. A Lander relay orbiter could
include enhanced capilities to add toClipper science
The next mission to Europa follows up on tla&galileo (e.g, geodesy).
mission with a comprehensive remote-sensing survey, in-Innovative concepts for Europa exploration should be
cluding global mapping, magnetometry, and radar to soumeescouraged in Discovery and New Frontiers.
the subsurface to attempt to con rm the presence of and
depth to a subsurface ocean. Such a mission is currer’gl% Titan
under construction at NASA, and the Euro@épper mis- =
sion will extensively characterize Europa s surface. EuropaTitan is a diverse and multifaceted world that is arguably
Clipper includes a radar sounding instrument and magneiore complex than the other ocean worlds. Multiple mis-
tometer to probe the subsurface structure of Europa,imndsions will be needed to reveal Titan and how it ts in with
situ instruments to measure the composition of particles wther Solar System bodies.
Europa s exosphere, lofted into space by impacts, sputter-The complex photochemical synthesis of Titan s methane-
ing, and/or plumes, if they exist. rich atmosphere leads to deposition of a wide variety of
One science objective not well addressed@lijpper is organic molecules, an active weather system, and uvial and
gravity science. A low-altitude orbiter mission such aseolian geological processes. The potential for exchange and
GRAIL can revolutionize our understanding of Europa, ancbntact of these organics with water creates the potential for
it may be achievable within the Discovery or New Frontiershemically rich environments in the deep subsurface ocean.
program. At the surface, transient liquid water environments could
The next Europa Flagship mission after the global rexist after impact events and possible cryovolcanic erup-
connaissance mission should be a Lander. Such a missimms, providing a short-lived habitat for life. The hydrocar-
would be able to not only search directly for life on anothelbon seas and lakes may also serve as regions where prebiotic
planetary body but also provide valuable information on thehemical processes could potentially evolve into an orga-
geological nature of the surface. Much can be done remotalized biochemistry. If these organics reach the water ocean,
to characterize Europa s habitability, but likely a true seardhen this world would be especially interesting.
for life will come from a landed mission that directly Future missions are needed to determine the origin of the
samples Europa s near-surface material to search for sigimosphere, the length of time the photochemical produc-
of life. Such a Lander mission would sample the subsurfatien cycle has been running, the complex organic synthesis
and perform visual (microscopic) and compositionabdf the upper atmosphere, the properties of the hydrocarbon
(GCMS or other instrument) analysis of materials that conseas, geodesy and geomorphology of the surface, chemical
from Europa s near-surface. sampling of the plains, dunes, water-ice rich mountains,
This rst Europa Lander would likely choose a landingtargeted sampling of locations where water has modi ed
site based on compositional heterogeneity as well as safefyrface organicse(g, impact melts), and perhaps even lo-
Likely the highest priority landing site would be one whereations where the subsurface ocean has broached the surface
subsurface material has made recent (very recent, geolo@-g, cryovolcanic ows).
cally) contact with the surface. Such a landing site would Multiple mission concepts are needed to fully explore
likely be selected based on a complete orbital survey of tiétan. Next, we list a variety of these concepts. Each

5.2. Europa
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A return to Pluto/Charon is needed to reveal whether Plutemispheres that were not visible during the Voyager ybys.
has a present-day ocean (a possibility given some of the youliternatively, having instruments that can analyze the dark
surface terrains and also an outcome produced by some mogeigtions of the satellites would help Il in any gaps, that is,
of interior evolution), and to dracterize Charon s past oceanlaser altimeter, active radar, and/or passive instruments that
An orbiter would signi cantly advance Pluto/Charon sciencare sensitive enough to use Uranus shine or thermal
and is likely needed for true characterization of the oceagp, (  emission to image the shadowed surface.
via gravity science); however, an additional yby 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 atBesides laying out scienti ¢ priorities and goals of an
moderate-to-high resolution. The Pluto system provides &cean Worlds Program, the ROW group produced two ad-
opportunity to study a two-body system where one world majitional major ndings in their discussions.
have retained an ocean into the present, whereas the othedne major nding is that progress needs to be made in the
world s ocean froze. Further, the Pluto system is also uniquearea of collaborations between Earth ocean scientists and ex-
that it is not tidally forced toda and thus a present-day oceartraterrestrial ocean scientists. We can harness106 years of
in Pluto would represent a different kind of interior evolutiorocean research that has been accomplished on the Earth and

Additional Major Findings of the ROW Study

than those of the giant-planet satellites. bring that to bear on future studies that help move the Ocean
Research into ways to optimize distant outer Solar Systewiorlds Program forward. Stimulation of a program of com-
missions is needed. For example: parative oceanography will require coordination between

" ; ... agencies. Classical oceanography might not currently t well
Are there opportunities to piggy-back on other missions:., . 2
to the outer Solar System@.§, giant planet missions)? within NASA s R&A portfolio; however, the work that the

; s . . National Science Foundation (NSF) (process studies), the
;ngcergﬁ;?tgle large KBOs be visited with a SlngleNational Oceanic and Atmospheric Administration (NOAA)

Can multiple smaller/cheaper spacecraft be sent to vi% xploration), and _the Ofce of Naval Researqh (ONR)
different KBOs? { chnology, especially autonomy/robotics) all do in support-

Are KBO orbiters possible with current technolo an(i%pg different aspects of ocean research on the Earth is some-
g, P 9y hing that they tend to only support under conditions (such as
within cost constraints?

] . ressure, temperatures, ocean salinity, sea oor composition)
Are KBO landers possible with current technology an at pertain speci cally to the Earth. Extending this basis of
within cost constraints? ; .
What opportunities do different launch vehicles an arth-centered knqwledge Into the Solar System wil _be a
power sources enable? haIIe_nge 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 speci c research areas
that can be investigated by direct collaborations between the
5.8.1. Saturnian satellites (Mimas, Tethys, Dione, Rhea, Earth ocean and the ocean world communities.
lapetus). Some of Saturn s medium-sized satellites have A second major nding of this study is that to map out a
had gravity science ybys byCassinj whereas others havecoherent Ocean Worlds Program, signi cant input is re-
not had any close ybys. In all cases, this class of satellitguired from studies here on Earth: Rigorous R&A studies
would greatly benet from multiple close ybys that are are called for, to enable some future ocean worlds missions
dedicated to gravity science. lapetus has only had one red-be thoughtfully planned and undertaken. Many research
atively close yby by Cassini In addition, the innermost objectives and investigations involve questions that can be
mid-sized satellite Mimas has had no dedicated ybys. Fatddressed here on Earth through modeling, eld studies,
ocean detection, future missions should focus on gravity atab work, etc. so that spacecraft observations can be best
high-resolution imaging to measure librations (Tajeddinglanned, acquired, and interpreted. Most of the ocean world
et al, 2014; Thoma=t al, 2016), similar to what has beenmission candidate bodies are in the outer Solar System,
done at Enceladus (lesst al, 2014; McKinnon 2015; meaning that total mission duration can be decades in
Thomaset al, 2016), especially at Dione. length, and fully addressing the open science questions will
likely require multiple missions to each body. Given these
5.8.2. Uranian satellites (Miranda, Ariel, Umbriel, Titania, long timescales, such Earth-based investigations should be
Oberon). At Uranus, a yby mission to the whole system toundertaken beginning immediately and continue on in par-
image the regions of the satellites that were in darknea#iel with planning and execution of ocean worlds missions.
during the Voyager encounter would greatly enhance otlihe objectives laid out in this article cover both those that
knowledge of the system. HoweverCassinistyle orbiter at include measurements required to be made at the various
Uranus would yield the greatest benet for the systertarget bodies and measurements/studies that will need to be
(Hofstadteret al., 2017). Such a mission should be out ttednade here on Earth to prepare for those robotic measure-
with instruments that would be useful for analyzing the parentents and to help in their interpretation. Thus, the ROW
planet, rings, and the satellites. For example, a magnetomdtsam recommends a rigorous R&A initiative as part of the
and a high-resolution imaging camera would be key. For ti@@cean Worlds Program; many of these R&A studies could
purpose of gravity science and electromagnetic soundingbié addressed as part of the current NASA R&A programs,
would be necessary to perform multiple close ybys of eachnd it is recommended that ocean worlds be highlighted in
moon. Ideally, a mission to Uranus would occur at equinakiose programs so that this work can be accomplished.
(2049) or northern summer (2028) to enable imaging of tHequally importantly, however, there are other key areas of

5.8. Other satellites



OCEAN WORLDS

research that do not t 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 | areas

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

investigations:

1.

2.

What are the phase relations of materials composing
ocean worlds at relevant pressures and temperatures?
What is the composition and chemical behavior of
materials composing ocean worlds?

. What are the rheologic mechanisms by which material

deforms under conditions that are relevant to ocean
worlds?

. How does energy attenuation/dissipation occur under

conditions that are relevant to ocean worlds?

. What are the thermophysical properties of material

2.

23

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 insuf cient? Can a liquid envi-
ronment be too extensive in space and time to be
habitable?

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)?

under conditions that are relevant to ocean worlds? 3. Elemental and molecular raw materials

Many Goal | areas are currently addressed in the Emerging

Worlds and SSW Programs. Applications and relevance to 32

ocean worlds should be emphasized in these programs.

6.2. Goal Il areas
1.

6.3. Goal lll areas

1. Solvent

Fundamentals of Habitability questions:

New collaborations are needed that interface with Earth-

based ocean researchers to pursue comparative oceanog-

raphy. In the United Statefunding for oceanographic
process studies is predomirtigrawarded through the NSF
whereas NOAA supports oceaxporation activities. The
ONR also supports development of new technologies
with most relevant to this work an 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 Earth s
oceans. (See also the rst major nding in Sec. 6)

. Ice shell-related studies, for example, radar re ectivity
. Studies are needed that are related to sea oor and

subsea oor 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 signi cant past in-
vestment into processes associated with water-rock
reactions on the Earth, often done through NSF, but

3.1. Can biochemistry be based on elements other than
those utilized by life on the Earth?

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 extremes 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?

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?)

Are there processes essential to the origin of life
that de nitively do not occur in sub-ice oceans?

5.2.

5.3.

they do not necessarily extend to the full range of Many of these Goal Ill questions are covered in the

conditions anticipated in all ocean worlds.

Exobiology program. Applications and relevance to ocean

worlds should be emphasized in this program.

1.1. What solvents are suitable for life?

Note that some of these are extremely challenging
guestions that we cannot reasonably expect to answer in
any short-term horizon, for example the question relating
to the probability of the origin of life. The purpose in
articulating them here is to create a complete list of open

1.1.1. Are there limits (water activity, ionic questions whose answers could strongly in uence the way
strength, other) to the composition ofwe choose to (prioritize a) search for life, whether or not
aqueous environments that can suppowe think those answers will be forthcoming in a mean-

life? If so, what are they?

ingful time frame.
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