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The “Three E’s”—ocean worlds in our solar 
system, Earth, Europa, and Enceladus—drawn 
to scale. The background image shows an 
oceanscape near Palmer Station, Antarctica, 
November 2021. Credit: Jessica Turner

DEFINING AND CHARACTERIZING HABITABLE 
ENVIRONMENTS IN OCEAN WORLD SYSTEMS

SPECIAL ISSUE ON OCEANS ACROSS THE SOLAR SYSTEM

ABSTRACT. We explore the major characteristics of habitable environments on 
ocean worlds and how we can study them using Earth analogs and autonomous instru-
mentation. Earth analogs for habitable regions on ocean worlds include interfaces 
(e.g.,  ice-water and seafloor-water boundaries), hydrothermal systems, and inside of 
ice, snow, clathrates, and crustal rocks. These analogs are best known in Earth’s ocean, 
but they may also exist on Earth’s land, particularly in polar regions. Importantly, ocean 
habitability requires that parts of the planetary body interact dynamically with the 
ocean. Probing the habitability of currently inaccessible extraterrestrial ocean worlds 
will require establishing biogenicity and abiotic reference frames for organic com-
pounds on ocean worlds and technological advances to explore subsurface liquid water 
environments beyond Earth. Next generation studies of ocean world habitability will 
also require integrated modeling tools and coordination between the Earth/ocean sci-
ences and the planetary science communities. 
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(Dartnell, 2011). Could life as we know 
it survive in liquid water environments 
elsewhere in the solar system? A practical 
strategy for assessing habitability quanti-
tatively is to determine the physicochem-
ical conditions that would make life pos-
sible on extraterrestrial ocean worlds. 
(Hereafter, “ocean” refers to Earth’s ocean 
and “ocean worlds” refers to oceans on 
other extraterrestrial bodies.) These con-
ditions include the availability of water, 
sufficient nutrients (e.g., C, N, P, S, Fe) in 
bioavailable forms, and energy that could 
be used by life. In most cases, these con-
ditions are completely unconstrained by 
present observational data because it is 
difficult to access subsurface liquid water 
environments beyond Earth. However, as 
exploration of icy ocean worlds matures 

INTRODUCTION 
Habitability is broadly defined as an envi-
ronmental state with liquid water, chem-
ical disequilibria, and the elemental and 
organic molecules needed for life as we 

know it. In addition to having the basic 
ingredients for life, habitable environ-
ments must also exist within the pres-
sure, temperature, pH, and water activ-
ity boundaries that allow cells to persist 
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from initial reconnaissance to more in- 
depth characterization, opportunities will 
arise to obtain critical information about 
physicochemical conditions of ocean 
worlds (Hand et  al., 2020). Near-term 
opportunities may involve serendipity, 
such as plume eruptions from the ocean 
on Saturn’s moon Enceladus, or less direct 
sources of information, such as the com-
positions of planetary surfaces or atmo-
spheres of ocean worlds (for an overview, 
see Glein and Zolotov, 2020). 

WHAT DO WE KNOW 
ABOUT THE OCEAN 
HABITABILITY OF EARTH, 
EUROPA, AND ENCELADUS?
Earth
Earth is the only planetary body in the 
universe that we know for certain is inhab-
ited. Every drop of water in our ocean is 
potentially habitable and likely inhabited 
by a diverse array of life. This habitability 
is due to multiple factors: critical nutri-
ents are recycled through ocean circu-
lation, pH is buffered by Earth’s carbon-
ate system, and clement temperatures 
and pressures are maintained largely due 
to Earth’s atmosphere, to name a few 
(Langmuir and Broecker, 2012). Ocean 
circulation exerts a fundamental control 
on Earth’s ocean habitability at a variety 
of spatial scales and is critical for moving 
heat and dissolved gases, as well as nutri-
ents needed for life, throughout the ocean 
(Siedler et al., 2013). Ultimately, the hab-
itability of Earth’s ocean also depends on 
plate tectonics, which creates new oceanic 
crust that provides fresh substrates for life 
(Korenaga, 2012) and results in water-
rock reactions that lead to the discharge 
of nutrient-rich waters at hydrother-
mal vents and at other seafloor locations 
(Govenar, 2012). Subsequent rock weath-
ering releases critical nutrients, such as 
phosphorus, that would otherwise limit 
the growth of marine life.

Europa
The possibility for developing a biosphere 
on ice-capped ocean worlds with limited 
sunlight, such as Jupiter’s moon Europa, 

likely depends on the upward movement 
of reduced chemicals from the moon’s sil-
icate interior to its ocean via water-rock 
reactions at the ocean floor (Vance et al., 
2016) and the downward movement of 
oxidants (e.g., H2O2; Carlson et al., 1999) 
via the ice shell into the liquid ocean 
from the irradiated surface (see Schmidt, 
2020, for a review). This exchange is 
highly likely on Europa and could pro-
vide energy to support a dark biosphere 
(Chyba, 2000; Chyba and Phillips, 2001; 
Hand et  al., 2009). Russell et  al. (2017) 
argue that areas of relatively high oxidant 
fluxes at the icy lid of a Europan ocean 
should be expected to be highly biologi-
cally productive. The details of how these 
fluxes may occur are currently unknown, 
but evidence for global tectonism 
(Pappalardo et  al., 1998; Doggett et  al., 
2009; Kattenhorn and Prockter, 2014) 
and recent cryo volcanic activity (Schmidt 
et al., 2011; Roth et al., 2014; Sparks et al., 
2017; Jia et  al., 2018) suggests that cur-
rent ice- ocean exchange is possible via ice 
shell processes on Europa. With tidally 
induced magmatic activity providing 
global energy to Europa, it is possible that 
the conditions to support life have existed 
on this moon over the history of the solar 
system (Běhounková et al., 2021).

Enceladus 
Exploration of Enceladus by NASA’s 
Cassini mission provided important les-
sons on how we can investigate the hab-
itability of an extraterrestrial ocean 
world (Cable et  al., 2021). As an exam-
ple, Cassini found hydrogen gas (H2) in a 
plume that emanates from fractures in the 
south polar terrain. The likely source of 
H2 is ferrous iron oxidation via water- rock 
reactions that occur below Enceladus’ sea-
floor (Waite et al., 2017). Using a combina-
tion of mass spectrometry measurements 
in the plume and geochemical modeling 
of carbonate equilibria, researchers con-
strained the pH of Enceladus’ ocean to ~9 
(Glein et al., 2015; Glein and Waite, 2020). 
Enceladus also taught us that hydrother-
mal processes (Hsu et al., 2015) can be a 
critical component of energy generation 

on ocean worlds beyond Earth (Choblet 
et  al., 2017). The abundance of H2 was 
found to be sufficiently high for methano-
genesis to be energetically feasible (Waite 
et al., 2017; Taubner et al., 2018). A recent 
statistical study by Affholder et al. (2021) 
suggests that methanogens may be the 
most probable source of observed meth-
ane if the origin of life is not an improba-
ble event there. Surface-derived oxidants 
and oxidants produced as a result of decay 
of dissolved radioactive 40K within the 
ocean could also contribute to supplies of 
chemical energy in Enceladus’ ocean but 
to a lesser extent than does methanogene-
sis (Ray et al., 2021).

TO WHAT EXTENT CAN 
EARTH’S ECOSYSTEMS SERVE 
AS ANALOGS FOR OTHER 
OCEAN WORLDS? 
Unlike all other ocean worlds in our solar 
system, most of Earth’s surface ocean is in 
direct contact with the atmosphere and is 
bathed in sunlight. Although some organ-
isms live off the chemical energy and min-
erals supplied by oceanic hydrothermal 
vents (called chemosynthesis; Dick, 2019) 
and live within the fluid-filled pores of 
crustal rocks (Li et al., 2020), Earth’s ocean 
productivity is largely driven by photosyn-
thesis in the surface layer—the euphotic 
zone—where sunlight penetrates. On ice-
capped ocean worlds, sunlight may not 
penetrate the ice sufficiently to reach the 
liquid ocean, and wind-driven ocean mix-
ing would be absent. More relevant Earth 
analogs for habitable environments on 
other ocean worlds are interfaces, such as 
ice-water and seafloor-water boundaries 
(e.g.,  hydrothermal systems). Other ana-
logs include habitats inside of ice, snow, 
ocean crustal rock, and clathrates (com-
pounds formed by the inclusion of mole-
cules of one kind in cavities of the crystal 
lattice of another).

Interfaces
Some of the most productive and diverse 
aquatic habitats on Earth are found along 
boundaries and interfaces where biomass 
is concentrated. Examples include the 
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seabed (sedimentary and igneous) and 
the underside of floating ice. Large-scale 
ocean processes deliver energy, chemi-
cals, and organisms to these boundaries, 
which obstruct further transport, thereby 
concentrating life and life’s necessities, 
and enabling biology to proceed more 
vigorously than in more dilute seawater. 
Interactions at the interfaces that con-
trol atmospheric deposition, exchanges 
across the coastal zone, and ice dynamics 
often control elemental cycles. On Earth, 
these interfaces are areas where marked 
changes in the physical, chemical, or geo-
logical structure of marine, brackish, and 
freshwater environments take place con-
tinuously. Growth rates of organisms in 
these habitats often change rapidly, from 
day to day, and over short distances.

Some of the most relevant Earth ana-
logs to other ocean worlds are the unique 
habitats formed at boundaries between ice 
and water. Sea ice plays a dual role in the 
control of high- latitude phytoplankton 
blooms by influencing both light shad-
ing and stratification (Arrigo et al., 2012; 
Kauko et al., 2017). Melting of ice in the 
spring can stabilize the water column, 
supporting large phytoplankton blooms. 
The timing, size, and type of ice edge algal 
blooms can define the success of a growth 
season and control food web dynamics 
(Ducklow et  al., 2013). Phytoplankton 
blooms can occur with limited light under 
several-meter-thick layers of ice and snow, 
as studied under Arctic sea ice (Boles et al., 
2020) and in Antarctic dry valley lakes 
such as Lake Bonney (Obryk et al., 2014), 
Lake Fryxell (McKnight et al., 2000), and 
Lake Vanda (Sumner et al., 2016). Limits 
to phytoplankton growth under thicker 
ice layers are not well known. Certainly, 
heterotrophic and mixotrophic microbial 
life can also be important along bound-
ary habitats, given nutrient availability in 
the form of dissolved organic matter. Even 
without penetration of direct sunlight, 
physiological adaptations of microorgan-
isms to ocean-ice dynamics could serve 
as analogs for adaptations of both auto-
trophic and heterotrophic life in other 
icy ocean worlds. 

The undersides of floating Antarctic 
ice shelves vividly illustrate the impor-
tance and roles of interfaces. Murray 
et al. (2016) discovered a vibrant, diverse 
ecosystem, including abundant sea 
anemones, at the undersurface of the 
floating Ross Ice Shelf. A similar com-
munity observed under Thwaites Glacier 
(Schmidt, 2020) shows the possibility for 
dense, complex, and energy-intensive 
biological activity in an unexpected and 
astrobiologically highly relevant location. 
Because the icy shells also form and evolve 
from cyclic freezing and melting, analo-
gous processes to ocean-derived ices on 
Earth are helping to constrain the active 
cycles within the ice and at its interfaces 
(Buffo et al., 2018, 2019) as well as cycles 
of water within the ice shell (Kalousová 
et al., 2014; Chivers et al., 2021).

Life is abundant at the seafloor-ocean 
interface. There, unusual microbial and 
invertebrate populations survive by feed-
ing on organic material made from CO2 
reduction by chemotrophic bacteria that 
oxidize inorganic compounds released by 
hydrothermal vents (Van Dover and Trask, 
2000). Life persists beneath Earth’s sea-
floor in low-energy environments within 
ocean crustal rocks and sediments (Jones 
et al., 2018). The seafloor-ocean interface 
is where photosynthesis is postulated to 
have begun under low- intensity, long- 
wavelength geothermal light (Martin 
et al., 2018). Anaerobic green sulfur bac-
teria, for example, are capable of photo-
synthetic growth at extremely low light 
intensities. Temporally variable light has 
also been observed in visible wavelengths 
(400–600 nm) at deep-sea vents. This 
lighting is orders of magnitude greater 
than predicted for a thermal source, and 
the enhancement is likely caused by mech-
anisms associated with turbulence, mix-
ing, and precipitation, such as vapor bub-
ble luminescence, chemiluminescence, 
crystalloluminescence, and tribolumi-
nescence (White et  al., 2002). Studies of 
marine microalgae in the polar night can 
also contribute to our understanding of 
low light photosynthesis, and the polar 
night can serve as an analog of the light 

conditions in the deep sea (Cohen et al., 
2020; Johnsen et al., 2020) and potentially 
on icy ocean worlds. 

Earth analogs for habitable regions on 
ocean worlds may also exist on land, par-
ticularly in polar regions. One fascinating 
example is found at the upper interfaces, 
or “lids,” of Antarctic subglacial lakes, 
where overlying glacial ice meets subgla-
cial lake waters. Molecular oxygen is sup-
plied to the lids of some subglacial lakes 
during melting of air- clathrate- bearing 
ice. Air is trapped by progressive burial 
under new snow at ice sheet surfaces. At 
depth, the air is forced into cage-like struc-
tures in the ice crystal lattice under high 
pressure; the ice flow then carries such 
clathrates over subglacial lakes. Although 
oxygen in this case is photosynthetically 
derived, it would seem likely to play a 
similar role in dark, chemosynthetic envi-
ronments for surface- derived oxidants in 
the Europan ice shell (Hand et al., 2006). 
The ice accreting above these lakes is also 
among the lowest energy niches on Earth, 
which provides an important lower limit 
on both the energy required to sustain 
and the technology needed to detect life 
in ocean worlds (Hand, 2017). Spatial 
variation in oxygen delivery within and 
between lakes (Winebrenner et al., 2019) 
is likely to result in a variety of habit-
able niche space (Mikucki et al., 2016). In 
some subglacial lakes, electrons derived 
from rock- water interactions, or the 
flux of reduced geothermal fluids, sup-
port oxidation-reduction reactions that 
drive a suite of biogeochemical cycles 
(Livingstone et  al., 2022) providing a 
diversity of natural laboratories to study 
life under ice. 

Life Inside Ice 
On Earth, there are active habitats within 
ice, as well as at its outer boundaries. It 
is presumably the case that a habitable 
ocean world would also have habitable 
niches within the ice shell. On Earth, this 
means that research into the processes 
that occur within ocean-formed ice—sea 
ice—and the cycling and processes that 
define their ecology, are relevant to ocean 
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worlds and their processes as well (Buffo 
et al., 2018, 2019; Schmidt, 2020). On the 
biological side, snowpacks serve as habi-
tats and nutrient reservoirs for microbes 
across the global cryosphere on all con-
tinents (Lutz et  al., 2016; Hodson et  al., 
2017). Snow or glacial algae survive in a 
liquid water film between melting snow 
and ice crystal and may color snow green, 
golden-brown, red, pink, orange, or pur-
ple-gray (Hoham and Remias, 2020). 
Formation of snow algae blooms is related 
to light availability, liquid water content, 
and temperature (Hoham and Remias, 
2020). Algal pigments can be photo-
protective and shield snow algae from 
harsh light conditions (Bidigare et  al., 
1993). They can also play a functional role 
in changing the albedo of snow, causing 
snow and ice to melt and creating more of 
the liquid water required for algal growth 
(Dial et al., 2018). With some exceptions, 
snow algae are usually found in snow 
with acidic pH. Snow and ice algae can 
be ephemeral, active only on the order of 
weeks during spring and summer when 
air temperatures remain above freezing, 
and on small spatial scales, often in the 
borders of ice and land margins. Nutrient 
cycling can be locally diverse and include 
volcanic sources, leaching from underly-
ing rock, marine fauna (e.g., penguin and 
seal excreta), as well as intense cycling 
within glacial microbial communities. 

In addition to the air clathrates 
described above, methane hydrates may 
be the most accessible habitats in which 
to find life on other planetary bodies in 
our solar system. Beneath the seafloor of 
Earth’s continental margins, sediments 
associated with methane clathrates host 
unique microbial assemblages (Inagaki 
et al., 2006; Glass et al, 2021), and these 
microbes encode proteins capable of 
altering clathrate properties (Johnson et 
al, 2020). Gas hydrates are likely present 
on other planetary bodies in our solar 
system (Mousis et  al., 2015) and may 
play a role in creating and sustaining liq-
uid oceans, especially on ocean worlds 
without active sources of tidal heat 
(Tobie et  al., 2006; Kamata et  al., 2019). 

At the Martian poles, methane clathrates 
could be present at depths as shallow as 
only half of a meter below the surface 
and extend down several dozen kilome-
ters (Gloesener et  al., 2020). These hab-
itats have potential for serving as pock-
ets of liquid water for microbial refugia 
in the deep subsurface and may be acces-
sible to future drilling missions. On the 
seafloor above gas hydrates, methane 
escaping from the seafloor serves as an 
energy source for extensive communi-
ties of microbes and the tubeworms and 
clams that feed on them at cold seeps 
(Levin et al., 2016).

WHAT TECHNOLOGY AND 
INTEGRATIVE SCIENTIFIC 
APPROACHES CAN 
ENABLE US TO PROBE THE 
HABITABILITY OF CURRENTLY 
INACCESSIBLE OCEANS? 
Organics
The next addition to our toolbox for 
quantifying habitability is organic mol-
ecules. Conventionally, organic mole-
cules are targeted as potential biosigna-
tures (Neveu et  al., 2018) or precursors 
to life. However, observations of outer 
solar system bodies suggest that abiotic 
organic compounds may be abundant 
planetary materials, possibly of compara-
ble importance to water and rocks (Néri 
et  al., 2020). This means that organic 
compounds could play a major role in 
planetary evolutionary processes, such 
as hydrothermal alteration (Postberg 
et  al., 2018). Geochemical experiments 
show that many groups of organic com-
pounds behave predictably in hydrother-
mal systems, where abundant organic 
compounds are driven toward states of 
metastable equilibrium, defined by the 
physicochemical conditions of the sys-
tem (Seewald, 1994; Shock et  al., 2019; 
Robinson et al., 2020). These relationships 
provide the potential to derive properties 
(e.g.,  temperature, oxidation state, pH) 
of the host hydrothermal system from 
measurements of organic compounds. 
However, fully realizing the power of 
this approach and understanding its 

limitations will require (1) improvements 
in our ability to quantify the thermody-
namic properties of organic compounds 
at high temperatures and pressures, 
(2) additional experiments to determine 
the mechanisms and corresponding rates 
of organic reactions under icy ocean 
world conditions (e.g.,  in carbonate/ 
ammonia-rich aqueous solutions and in 
the presence of primary and secondary 
minerals commonly found in chondritic 
bodies), (3) development of models that 
track the coupled evolution of diverse 
water-rock-organic compositions during 
hydrothermal circulation and other 
transport processes, and (4) ground- 
truth field tests of the prevalence of meta-
stable equilibria among different com-
pound classes at actively serpentinizing 
systems (e.g.,  Lost City Hydrothermal 
Field in the Atlantic), where organic 
compounds can be synthesized abiot-
ically, and at organic-rich hydrother-
mal systems such as Guaymas Basin, 
which is a potential analog for hydro-
thermal processing of organic matter on 
worlds that have accreted an abundant 
organic component.

Autonomous Platforms for 
Interface Exploration 
Interfaces are critical areas where phys-
ical, chemical, and biological processes 
act on a variety of spatial and temporal 
scales. Intense biological activity, accu-
mulation of organic and inorganic sub-
stances, and unique interactions that 
deviate from general conditions occur at 
these locations and can form an environ-
ment that may be extremely favorable for 
life. Understanding exchange and move-
ment at interfaces of nutrients, gases, 
heat, and redox potential and quantify-
ing light production and availability in 
low light environments such as deep-
sea vents and the polar night are essen-
tial to quantifying habitability of oceans 
and to guiding searches toward the most 
habitable environments. Environmental 
processes along interfaces typically have 
shorter temporal scales (hourly) and spa-
tial scales (meters to kilometers) and often 
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require different methods for assessing 
change compared to other ocean habitats.

Study of ice-ocean interactions is an 
expanding area in the research into ocean 
worlds, and it is growing in fidelity. Active 
research by the climate and polar research 
communities regarding the fundamen-
tal controls on the circulation of oceans 
under ice can benefit this work (Holland 
and Jenkins, 1999; Dinniman et al., 2016; 
Holland et  al., 2020). Such understand-
ing hinges on ocean modeling on large 
and intermediate scales, as well as coordi-
nated, focused observations of fluxes and 
processes near the interfaces. Already, 
some modeling of ocean world circula-
tion exists (for a review, see Soderlund 
et al., 2020). However, the details of salin-
ity, nutrient, and putative biomass distri-
bution by ocean circulation is currently 
not included, because fundamental pro-
cesses are still being resolved, such as 
overturning circulation, ice pumping, 
or double diffusion. Laboratory research 
in cyclic freezing and melting should be 
expanded in order to study the effects 
of freezing as a means of changing the 
composition of reservoirs and the ice, 
as well as to understand the fundamen-
tal sources of chemical energy possible in 
these environments.

Technology development is essen-
tial both for accessing interfaces in chal-
lenging places (e.g.,  beneath ice shelves, 
at the lids of subglacial lakes, and on and 
in the deep seafloor) and for measure-
ments to diagnose poorly known phe-
nomena occurring there (e.g.,  heat, salt, 
light, and nutrient fluxes beneath the 
ice shelves). New in-water autonomous 
platforms with a variety of sensors are 
being deployed to investigate the bio-
diversity and the time-dependent behav-
ior of under-ice blooms (Kukulya et  al., 
2016; Hill et  al., 2018; Johnsen et  al., 
2018; Randelhoff et  al., 2020; Lawrence 
et al., in press; see Figure 1a–f for exam-
ples). Data collected by these platforms 
are especially important for understand-
ing the dynamics of life associated with 
the underside of ice during winter and 
spring when it is challenging to assess 

with many remote- sensing techniques. 
New technology can motivate a variety 
of new scientific questions, for example, 
on interface processes, and spur further 
technology development for more exten-
sive exploration of this habitat (Rack 
et al., 2012). Similarities between Earth’s 
ocean-ice interactions and those that 
likely also operate on ocean worlds (with 
important implications for geochemi-
cal cycling and climate response of ice 
shelves) means that exploring these phys-
ical processes on Earth provides feed- 
forward context for studying other ocean 
worlds. Exploring these sea ice-covered 
regions on Earth using ice-penetrating 
radar, seismic methods, and underwater 
vehicles is often (but not always) techno-
logically synergistic with needed devel-
opments for exploring ocean worlds. The 
upcoming NASA Europa Clipper mission 
(expected to launch in 2024) will provide 
in situ plume/atmospheric and remote- 
sensing measurements of the compo-
sition and detailed local context of ice-
ocean exchange processes that was not 
possible with earlier missions (Howell and 
Pappalardo, 2020). How these processes 
interact with more regional-scale geo-
logic processes on bodies like Enceladus 
is an area of active research (Walker and 
Schmidt, 2015; Běhounková et  al., 2017; 
Nimmo et  al., 2018; Weller et  al., 2019; 
Kang and Flierl, 2020).

Modeling 
Resolving the phenology of diverse 
life forms is crucial for understanding 
responses to environmental perturba-
tions but is impossible to capture with a 
single snapshot. Investigations require 
careful time series of measurements and 
modeling across relevant timescales. To 
achieve this, it will be critical to measure 
and model the patterns and dynamics 
(spatial and temporal) of ice and oceans 
on both this planet and other ocean 
worlds. Using Earth as analog, we can 
begin to identify essential model parame-
ters that are needed to improve ocean, ice, 
and crustal models, and evaluate new and 
existing technologies and models relevant 

to studying ocean, ice, and crustal dynam-
ics of other ocean worlds. 

Biogeochemical and ecosystem mod-
els are advancing our ability to charac-
terize the complexity of life in our own 
ocean world of Earth. For example, 
marine biogeochemical and ecosys-
tem models include parameters for the 
physical environment (ocean tempera-
ture, light, salinity, and circulation), the 
cycling of inorganic and detrital matter 
(biogeochemistry), and the explicit rep-
resentation of some portion of the liv-
ing component of the ocean (e.g., phyto-
plankton, zooplankton) (IOCCG, 2020). 
Such integrated modeling tools could be 
adapted for assessing the parameters and 
potential for life in other ocean worlds 
(Farrell et al., 2021). Advances are being 
made in measuring and modeling meso-
scale and submesoscale circulation pat-
terns (e.g., eddies, streamers, and fronts) 
and their roles in transporting heat and 
nutrients into and out of the euphotic 
zone (McGillicuddy, 2016). 

The general approach of using model-
ing to help fill in the gaps where data are 
incomplete provides a tool for extract-
ing maximal information on extra-
terrestrial ocean properties. This type of 
tool was not developed until late in the 
Cassini mission, which was launched in 
1997 and ended in 2017. Future ocean 
worlds missions should plan integra-
tive approaches from the start, during 
the development/ testing of instruments 
and planning of mission operations, and 
these approaches should include full 
traceability that links primary mission 
data to ocean properties for a broad range 
of models (e.g., MacKenzie et al., 2021). 
More generally, a key science lesson is 
that ocean habitability involves other 
parts of the planetary body dynamically 
interacting with the ocean. This echoes 
our understanding of the Earth system 
and suggests that coordinated geophys-
ical and geochemical studies are needed 
to better understand how exchange pro-
cesses can create habitable conditions on 
ocean worlds. Modeling seawater chemis-
try and water-rock interactions based on 
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FIGURE 1. Examples of instrumentation for ocean world analog exploration. Background figure modified from Newman et al. (2019) (a) Optical sensors 
are deployed during the ORCAS/LTER field campaign in 2016 in the Southern Ocean. Image credit: Shungudzemwoyo Garaba (b) A researcher holds a 
University of Washington Ice Diver thermal melt probe during field testing at Greenland Summit in May 2021. The Ice Diver is in development to access 
deep Antarctic subglacial lakes (>100 m depth beneath the ice surface) at logistical costs much lower than those of conventional drilling. Field testing 
demonstrated microbiologically clean sampling using peristaltic pumps and autoclaved tubing and sample bags (German et al., 2021; Caleb Schuler, 
University of Tennessee, pers. comm., 2022). (c) Icefin, a modular underwater vehicle designed to explore Earth’s polar oceans in ways that inform future 
planetary exploration (e.g., Meister et al. 2018), is deployed using a launch frame and lift system to raise the vehicle to vertical for deployment through 
narrow (~30 cm) boreholes through sea ice or ice shelves. Image credit: Icefin/RISEUP/Anthony Spears (d) This underwater image of melting of the face 
of the Erebus Glacier Tongue, Antarctica, was taken by Icefin in 2018. The cusps on the surface are caused by melting of the ice in turbulent water. Image 
credit: Icefin/RISEUP/Britney Schmidt (e) Icefin, viewed from underwater, conducts a mission below ~2 m of sea ice cover in McMurdo Sound. Icefin car-
ries over 10 science sensors and can also map ocean currents, nutrients, pH, and the seafloor. Image credit: Rob Robbins (f) Cabled benthic crawler 
Wally collects data for studies of gas hydrate outcrops on the seafloor. For more information, see Reidel et al. (2022). Image credit: NEPTUNE Canada
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analogous processes on Earth, extended 
to hypersaline lakes and deep anoxic 
hypersaline basins with more exotic 
chemistries (Fisher et al., 2021; Buffo 
et al., 2022), would benefit both the Earth 
and the astrobiology communities.

To better understand the habitability 
of gas-hydrate-bearing environments, it 
will be necessary to measure and model 
the patterns and spatial and temporal 
dynamics of methane clathrates, deter-
mine the essential model parameters nec-
essary to improve gas hydrate models, 
evaluate new and existing technologies 
and models relevant to studying hydrate 
dynamics, and pursue better characteri-
zation of microbes in their native hydrate 
habitats on Earth.

Interdisciplinary Efforts
Coordination between the Earth/ocean 
sciences and the planetary science com-
munities will be critical for next gen-
eration studies of ocean world habit-
ability, and—ultimately—life detection 
(NASEM, 2022). Earth/ocean scientists 
have a deep base of experience on how 
life can be linked to environmental condi-
tions and processes, while planetary sci-
entists can translate the underlying con-
cepts to alien environments and indirect 
spacecraft measurements. It is import-
ant to connect the understandings of var-
ious layers of a planet/moon in order to 
plan effective observations because the 
ice shell and atmosphere are the windows 
through which we will, for now, observe 
ocean world systems. How does the ice 
reflect or hide the ocean? How do sea-
floor heating and rotation drive ocean 
currents, and how do they distribute bio-
signatures, heat, salt, and other com-
ponents? Is the ice-ocean interface the 
first habitable niche, or are there loca-
tions in the ice or along the seafloor to 
search? Synergy between observations 
of ice, ocean, and geothermal processes 
on Earth and models of how these pro-
cesses may manifest on ocean worlds 
benefits both the Earth/ocean sciences 
and the planetary science communi-
ties. Moreover, the technological needs 

for exploring, especially at the poles, is 
often synergistic. Terrestrial and extra-
terrestrial ocean scientists must work col-
laboratively to measure and model spa-
tial and temporal dynamics, determine 
essential parameters that govern interface 
processes, and evaluate new and existing 
technologies to access and study dynam-
ics of habitable worlds. 

REFERENCES
Affholder, A., F. Guyot, B. Sauterey, R. Ferrière, and 

S. Mazevet. 2021. Bayesian analysis of Enceladus’s 
plume data to assess methanogenesis. Nature 
Astronomy 5(8):805–814, https://doi.org/10.1038/
s41550-021-01372-6.

Arrigo, K.R., K.E. Lowry, and G.L. van Dijken. 2012. 
Annual changes in sea ice and phytoplankton in 
polynyas of the Amundsen Sea, Antarctica. Deep 
Sea Research Part II 71:5–15, https://doi.org/ 10.1016/ 
j.dsr2.2012.03.006.

Běhounková, M., O. Souček, J. Hron, and O. Čadek. 
2017. Plume activity and tidal deformation on 
Enceladus influenced by faults and variable ice 
shell thickness. Astrobiology 17(9):941–954, 
https://doi.org/ 10.1089/ast.2016.1629.

Běhounková, M., G. Tobie, G. Choblet, M. Kervazo, 
M. Melwani Daswani, C. Dumoulin, and S.D. Vance. 
2021. Tidally induced magmatic pulses on the oce-
anic floor of Jupiter’s moon Europa. Geophysical 
Research Letters 48(3):e2020GL090077, 
https://doi.org/10.1029/2020GL090077.

Bidigare, R.R., M.E. Ondrusek, M.C. Kennicutt, 
R. Iturriaga, H.R. Harvey, R.W. Hoham, and 
S.A. Macko. 1993. Evidence a photoprotective for 
secondary carotenoids of snow algae. Journal of 
Phycology 29(4):427–434, https://doi.org/ 10.1111/ 
j.1529-8817.1993.tb00143.x.

Boles, E., C. Provost, V. Garçon, C. Bertosio, 
M. Athanase, Z. Koenig, and N. Sennéchael. 
2020. Under-ice phytoplankton blooms in 
the central Arctic Ocean: Insights from the 
first biogeochemical IAOOS platform drift 
in 2017. Journal of Geophysical Research: 
Oceans 125(3):e2019JC015608, https://doi.org/ 
10.1029/ 2019JC015608.

Buffo, J., B. Schmidt, and C. Huber. 2018. Multiphase 
reactive transport and platelet ice accretion in the 
sea ice of McMurdo sound, Antarctica. Journal of 
Geophysical Research: Oceans 123(1):324–345, 
https://doi.org/10.1002/2017JC013345.

Buffo, J., B.E. Schmidt, C. Huber, and C.C. Walker. 
2019. Entrainment and dynamics of ocean- derived 
impurities within Europa’s ice shell. Journal of 
Geophysical Research: Planets:e2020JE006394, 
https://doi.org/10.1029/2020JE006394.

Buffo, J., E.K. Brown, A. Pontefract, B.E. Schmidt, 
B. Klempay, J. Lawrence, J. Bowman, M. Grantham, 
J.B. Glassi, T. Plattner, and others. 2022. The 
bioburden and ionic composition of hyper-
saline lake ices: Novel habitats on Earth and their 
astrobiological implications. Astrobiology 22(8), 
https://doi.org/ 10.1002/essoar.10506914.1.

Cable, M.L., C. Porco, C.R. Glein, C.R. German, 
S.M. MacKenzie, M. Neveu, T.M. Hoehler, 
A.E. Hofmann, A.R. Hendrix, and J. Eigenbrode. 
2021. The science case for a return to Enceladus. 
The Planetary Science Journal 2(4):132, 
https://doi.org/ 10.3847/PSJ/abfb7a.

Carlson, R., M. Anderson, R. Johnson, 
W. Smythe, A. Hendrix, C. Barth, L. Soderblom, 
G. Hansen, T. McCord, and J. Dalton. 1999. 
Hydrogen peroxide on the surface of Europa. 
Science 283(5410):2,062–2,064, https://doi.org/ 
10.1126/ science.283.5410.2062.

Chivers, C.J., J.J. Buffo, and B.E. Schmidt. 
2021. Thermal and chemical evolution of 
small, shallow water bodies in Europa’s ice 
shell. Journal of Geophysical Research: 
Planets 126(5):e2020JE006692, https://doi.org/ 
10.1029/ 2020JE006692.

Choblet, G., G. Tobie, C. Sotin, M. Běhounková, 
O. Čadek, F. Postberg, and O. Souček. 2017. 
Powering prolonged hydrothermal activity inside 
Enceladus. Nature Astronomy 1(12):841–847, 
https://doi.org/ 10.1038/s41550-017-0289-8.

Chyba, C.F. 2000. Energy for microbial life on 
Europa. Nature 403(6768):381–382, https://doi.org/ 
10.1038/35000281.

Chyba, C.F., and C.B. Phillips. 2001. Possible eco-
systems and the search for life on Europa. 
Proceedings of the National Academy of Sciences 
of the United States of America 98(3):801–804, 
https://doi.org/10.1073/pnas.98.3.801.

Cohen, J.H., J. Berge, M.A. Moline, G. Johnsen, 
and A.P. Zolich. 2020. Light in the polar 
night. Pp. 37–66 in POLAR NIGHT Marine 
Ecology. Springer, https://doi.org/ 10.1007/ 
978-3-030-33208-2_3.

Dartnell, L. 2011. Biological constraints on habit-
ability. Astronomy & Geophysics 52(1):1.25–1.28, 
https://doi.org/ 10.1111/j.1468-4004.2011.52125.x.

Dial, R.J., G.Q. Ganey, and S.M. Skiles. 2018. What 
color should glacier algae be? An ecologi-
cal role for red carbon in the cryosphere. FEMS 
Microbiology Ecology 94(3):fiy007, https://doi.org/ 
10.1093/femsec/fiy007.

Dick, G.J. 2019. The microbiomes of deep-sea 
hydrothermal vents: Distributed globally, shaped 
locally. Nature Reviews Microbiology 17:271–283, 
https://doi.org/ 10.1038/s41579-019-0160-2.

Dinniman, M.S., X.S. Asay-Davis, B.K. Galton-Fenzi, 
P.R. Holland, A. Jenkins, and R. Timmermann. 
2016. Modeling ice shelf/ocean interaction in 
Antarctica: A review. Oceanography 29(4):144–153, 
https://doi.org/ 10.5670/ oceanog.2016.106.

Doggett, T., R. Greeley, P. Figueredo, and K. Tanaka. 
2009. Geologic stratigraphy and evolution of 
Europa’s surface. Pp. 137–160 in Europa. University 
of Arizona Press, Tucson, AZ, https://doi.org/ 
10.2307/j.ctt1xp3wdw.12.

Ducklow, H.W., W.R. Fraser, M.P. Meredith, 
S.E. Stammerjohn, S.C. Doney, D.G. Martinson, 
S.F. Sailley, O.M. Schofield, D.K. Steinberg, and 
H.J. Venables. 2013. West Antarctic Peninsula: An 
ice-dependent coastal marine ecosystem in transi-
tion. Oceanography 26(3):190–203, https://doi.org/ 
10.5670/oceanog.2013.62.

Farrell, W., O. Tucker, M. Neveu, D. Bower, L. Quick, 
J. Renaud, R. Tyler, L.-A. Couston, C. Nixon, 
and P. Romani. 2021. The need for a large-
scale, integrated approach to ocean world mod-
eling. Bulletin of the American Astronomical 
Society 53(4):Whitepaper #067, https://doi.org/ 
10.3847/ 25c2cfeb.e81a051f.

Fisher, L.A., A. Pontefract, S.M. Som, C.E. Carr, 
B. Klempay, B.E. Schmidt, J.S. Bowman, and 
D.H. Bartlett. 2021. Current state of athalasso-
haline deep-sea hypersaline anoxic basin 
research— Recommendations for future work 
and relevance to astrobiology. Environmental 
Microbiology 23(7):3,360–3,369, https://doi.org/ 
10.1111/1462-2920.15414.

German, L., J.A. Mikucki, S.A. Welch, K.A. Welch, 
A. Lutton, B. Dachwald, J. Kowalski, D. Heinen, 
M. Feldmann, and G. Francke. 2021. Validation of 
sampling Antarctic subglacial hypersaline waters 
with an electrothermal ice melting probe (IceMole) 
for environmental analytical geochemistry. 
International Journal of Environmental Analytical 
Chemistry 101(15):2,654–2,667, https://doi.org/ 
10.1080/03067319.2019.1704750.

Glass, J.B., P. Ranjan, C.B. Kretz, B.L. Nunn, 
A.M. Johnson, M. Xu, J. McManus, and 
F.J. Stewart. 2021. Microbial metabolism 
and adaptations in Atribacteria-dominated 

https://doi.org/10.1038/s41550-021-01372-6
https://doi.org/10.1038/s41550-021-01372-6
https://doi.org/10.1016/j.dsr2.2012.03.006
https://doi.org/10.1016/j.dsr2.2012.03.006
https://doi.org/10.1089/ast.2016.1629
https://doi.org/10.1029/2020GL090077
https://doi.org/10.1111/j.1529-8817.1993.tb00143.x
https://doi.org/10.1111/j.1529-8817.1993.tb00143.x
https://doi.org/10.1029/2019JC015608
https://doi.org/10.1029/2019JC015608
https://doi.org/10.1002/2017JC013345
https://doi.org/10.1029/2020JE006394
https://doi.org/10.1002/essoar.10506914.1
https://doi.org/10.3847/PSJ/abfb7a
https://doi.org/10.1126/science.283.5410.2062
https://doi.org/10.1126/science.283.5410.2062
https://doi.org/10.1029/2020JE006692
https://doi.org/10.1029/2020JE006692
https://doi.org/10.1038/s41550-017-0289-8
https://doi.org/10.1038/35000281
https://doi.org/10.1038/35000281
https://doi.org/10.1073/pnas.98.3.801
https://doi.org/10.1007/978-3-030-33208-2_3
https://doi.org/10.1007/978-3-030-33208-2_3
https://doi.org/10.1111/j.1468-4004.2011.52125.x
https://doi.org/10.1093/femsec/fiy007
https://doi.org/10.1093/femsec/fiy007
https://doi.org/10.1038/s41579-019-0160-2
https://doi.org/10.5670/oceanog.2016.106
https://doi.org/10.2307/j.ctt1xp3wdw.12
https://doi.org/10.2307/j.ctt1xp3wdw.12
https://doi.org/10.5670/oceanog.2013.62
https://doi.org/10.5670/oceanog.2013.62
https://doi.org/10.3847/25c2cfeb.e81a051f
https://doi.org/10.3847/25c2cfeb.e81a051f
https://doi.org/10.1111/1462-2920.15414
https://doi.org/10.1111/1462-2920.15414
https://doi.org/10.1080/03067319.2019.1704750
https://doi.org/10.1080/03067319.2019.1704750


Oceanography  |  June 2022 37

methane hydrate sediments. Environmental 
Microbiology 23(8):4,646–4,660, https://doi.org/ 
10.1111/1462-2920.15656.

Glein, C.R., J.A. Baross, and J.H. Waite Jr. 2015. 
The pH of Enceladus’ ocean. Geochimica et 
Cosmochimica Acta 162:202–219, https://doi.org/ 
10.1016/j.gca.2015.04.017.

Glein, C.R., and J.H. Waite. 2020. The carbonate 
geochemistry of Enceladus’ ocean. Geophysical 
Research Letters 47(3):e2019GL085885, 
https://doi.org/ 10.1029/2019GL085885.

Glein, C.R., and M.Y. Zolotov. 2020. Hydrogen, 
hydrocarbons, and habitability across the 
solar system. Elements: An International 
Magazine of Mineralogy, Geochemistry, and 
Petrology 16(1):47–52, https://doi.org/10.2138/
gselements.16.1.47.

Gloesener, E., Ö. Karatekinb, and V. Dehant. 2020. 
Stability and composition of CH4-rich clath-
rate hydrates in the present martian subsurface. 
Icarus 353:114099, https://doi.org/10.1016/ j.icarus. 
2020.114099.

Govenar, B. 2012. Energy transfer through food webs 
at hydrothermal vents: Linking the lithosphere to 
the biosphere. Oceanography 25(1):246–255, 
https://doi.org/10.5670/oceanog.2012.23.

Hand, K.P., C.F. Chyba, R.W. Carlson, and J.F. Cooper. 
2006. Clathrate hydrates of oxidants in the ice 
shell of Europa. Astrobiology 6(3):463–482, 
https://doi.org/ 10.1089/ast.2006.6.463.

Hand, K.P., C.F. Chyba, J.C. Priscu, R.W. Carlson, and 
K.H. Nealson. 2009. Astrobiology and the poten-
tial for life on Europa. Pp. 589–629 in Europa. 
R.T. Pappalardo, W.B. McKinnon, and K.K. Khurana, 
eds, University of Arizona Press, https://doi.org/ 
10.2307/j.ctt1xp3wdw.32.

Hand, K.P., A.E. Murray, J.B. Garvin, W.B. Brinckerhoff, 
B.C. Christner, K.S. Edgett, B.L. Ehlmann, 
C.R. German, A.G. Hayes, T.M. Hoehler, and 
others. 2017. Report of the Europa Lander Science 
Definition Team. National Aeronautics and Space 
Administration, 264 pp.

Hand, K., C. Sotin, A. Hayes, and A. Coustenis. 2020. 
On the habitability and future exploration of ocean 
worlds. Space Science Reviews 216(5):1–24, 
https://doi.org/10.1007/s11214-020-00713-7.

Hill, V.J., B. Light, M. Steele, and R.C. Zimmerman. 
2018. Light availability and phytoplankton growth 
beneath Arctic sea ice: Integrating observations 
and modeling. Journal of Geophysical Research: 
Oceans 123(5):3,651–3,667, https://doi.org/ 10.1029/ 
2017JC013617.

Hodson, A., A. Nowak, J. Cook, M. Sabacka, 
E. Wharfe, D. Pearce, P. Convey, and 
G. Vieira. 2017. Microbes influence the bio-
geochemical and optical properties of mari-
time Antarctic snow. Journal of Geophysical 
Research: Biogeosciences 122(6):1,456–1,470, 
https://doi.org/10.1002/2016JG003694.

Hoham, R.W., and D. Remias. 2020. Snow 
and glacial algae: A review. Journal of 
Phycology 56(2):264–282, https://doi.org/ 
10.1111/jpy.12952.

Holland, D.M., and A. Jenkins. 1999. Modeling 
thermodynamic ice-ocean interactions at 
the base of an ice shelf. Journal of Physical 
Oceanography 29(8):1,787–1,800, https://doi.org/ 
10.1175/1 520- 0485 (1999) 029 <1787: MTIOIA> 
2.0.CO;2.

Holland, D.M., K.W. Nicholls, and A. Basinski. 2020. 
The Southern Ocean and its interaction with the 
Antarctic Ice Sheet. Science 367(6484):1,326–1,330, 
https://doi.org/10.1126/science.aaz5491.

Howell, S.M., and R.T. Pappalardo. 2020. NASA’s 
Europa Clipper—a mission to a potentially habit-
able ocean world. Nature Communications 11(1):1–4, 
https://doi.org/10.1038/s41467-020-15160-9.

Hsu, H.-W., F. Postberg, Y. Sekine, T. Shibuya, 
S. Kempf, M. Horányi, A. Juhász, N. Altobelli, 
K. Suzuki, and Y. Masaki. 2015. Ongoing 
hydrothermal activities within Enceladus. 
Nature 519(7542):207–210, https://doi.org/ 
10.1038/nature14262.

Inagaki, F., T. Nunoura, S. Nakagawa, A. Teske, 
M. Lever, A. Lauer, M. Suzuki, K. Takai, M. Delwiche, 
and F.S. Colwell. 2006. Biogeographical dis-
tribution and diversity of microbes in methane 
hydrate-bearing deep marine sediments on the 
Pacific Ocean Margin. Proceedings of the National 
Academy of Sciences of the United States of 
America 103(8):2,815–2,820, https://doi.org/10.1073/
pnas.0511033103.

IOCCG (International Ocean Colour Coordinating 
Group). 2020. Synergy Between Ocean Colour and 
Biogeochemical/Ecosystem Models. S. Dutkiewicz, 
ed., IOCCG Report Series., Dartmouth, Canada, 
184 pp., https://doi.org/10.25607/OBP-711.

Jia, X., M.G. Kivelson, K.K. Khurana, and W.S. Kurth. 
2018. Evidence of a plume on Europa from Galileo 
magnetic and plasma wave signatures. Nature 
Astronomy 2(6):459–464, https://doi.org/10.1038/
s41550-018-0450-z.

Johnsen, G., M. Norli, M. Moline, I. Robbins, C. von 
Quillfeldt, K. Sørensen, F. Cottier, and J. Berge. 
2018. The advective origin of an under-ice spring 
bloom in the Arctic Ocean using multiple obser-
vational platforms. Polar Biology 41(6):1,197–1,216, 
https://doi.org/10.1007/s00300-018-2278-5.

Johnsen, G., E. Leu, and R. Gradinger. 2020. Marine 
micro-and macroalgae in the polar night. Pp. 67–112 
in POLAR NIGHT Marine Ecology. Springer, 
https://doi.org/ 10.1007/978-3-030-33208-2_4.

Johnson, A.M., D.J.E. Huard, J. Kim, P. Raut, S. Dai, 
R.L. Lieberman, and J.B. Glass. 2020. Mainly on 
the plane: Deep subsurface bacterial proteins bind 
and alter clathrate structure. Crystal Growth & 
Design 20(10):6,290–6,295, https://doi.org/10.1021/
acs.cgd.0c00855.

Jones, R.M., J.M. Goordial, and B.N. Orcutt. 2018. 
Low energy subsurface environments as extrater-
restrial analogs. Frontiers in Microbiology 9:1605, 
https://doi.org/10.3389/fmicb.2018.01605.

Kalousová, K., O. Souček, G. Tobie, G. Choblet, and 
O. Čadek. 2014. Ice melting and downward trans-
port of meltwater by two-phase flow in Europa’s 
ice shell. Journal of Geophysical Research: 
Planets 119(3):532–549, https://doi.org/ 10.1002/ 
2013JE004563.

Kamata, S., F. Nimmo, Y. Sekine, K. Kuramoto, 
N. Noguchi, J. Kimura, and A. Tani. 2019. Pluto’s 
ocean is capped and insulated by gas hydrates. 
Nature Geoscience 12(6):407–410, https://doi.org/ 
10.1038/s41561-019-0369-8.

Kang, W., and G. Flierl. 2020. Spontaneous forma-
tion of geysers at only one pole on Enceladus’s 
ice shell. Proceedings of the National 
Academy of Sciences of the United States of 
America 117(26):14,764–14,768, https://doi.org/ 
10.1073/pnas.2001648117.

Kattenhorn, S.A., and L.M. Prockter. 2014. Evidence 
for subduction in the ice shell of Europa. Nature 
Geoscience 7(10):762–767, https://doi.org/10.1038/
ngeo2245.

Kauko, H.M., T. Taskjelle, P. Assmy, A.K. Pavlov, 
C. Mundy, P. Duarte, M. Fernández-Méndez, 
L.M. Olsen, S.R. Hudson, and G. Johnsen. 2017. 
Windows in Arctic sea ice: Light transmission and 
ice algae in a refrozen lead. Journal of Geophysical 
Research: Biogeosciences 122(6):1,486–1,505, 
https://doi.org/10.1002/2016JG003626.

Korenaga, J. 2012. Plate tectonics and plane-
tary habitability: Current status and future chal-
lenges. Annals of the New York Academy of 
Sciences 1260(1):87–94, https://doi.org/ 10.1111/ 
j.1749-6632.2011.06276.x.

Kukulya, A., J. Bellingham, J. Kaeli, C. Reddy, 
M. Godin, and R. Conmy. 2016. Development of a 
propeller driven long range autonomous under-
water vehicle (LRAUV) for under-ice mapping of oil 
spills and environmental hazards: An Arctic Domain 
Center of Awareness project (ADAC). Pp. 95–100 in 
IEEE/OES Autonomous Underwater Vehicles (AUV). 
Conference held November 6–9, 2016, Tokyo, 
Japan, https://doi.org/10.1109/AUV.2016.7778655.

Langmuir, C.H., and W. Broecker. 2012. How To Build 
a Habitable Planet. Princeton University Press, 
https://doi.org/10.1515/9781400841974.

Lawrence, J., A. Mullen, F. Bryson, C. Chivers, 
A. Hanna, T. Plattner, E. Spiers, J. Bowman, J. Buffo, 
J. Burnett, and others. In press. Subsurface Science 
and Search for Life in Ocean Worlds (SSSLOW). 
Planetary Science Journal. 

Levin, L.A., A.R. Baco, D.A. Bowden, A. Colaco, 
E.E. Cordes, M.R. Cunha, A.W. Demopoulos, 
J. Gobin, B.M. Grupe, and J. Le. 2016. Hydrothermal 
vents and methane seeps: Rethinking the sphere 
of influence. Frontiers in Marine Science 3:72, 
https://doi.org/10.3389/fmars.2016.00072.

Li, J., P. Mara, F. Schubotz, J.B. Sylvan, G. Burgaud, 
F. Klein, D. Beaudoin, S.Y. Wee, H.J.B. Dick, S. Lott, 
and others. 2020. Recycling and metabolic flex-
ibility dictate life in the lower oceanic crust. 
Nature 579:250–255, https://doi.org/10.1038/
s41586-020-2075-5.

Livingstone, S.J., Y. Li, A. Rutishauser, R.J. Sanderson, 
K. Winter, J.A. Mikucki, H. Björnsson, J.S. Bowling, 
W. Chu, C.F. Dow, and H.A. Fricker. 2022. 
Subglacial lakes and their changing role in 
a warming climate. Nature Reviews Earth & 
Environment 3:106–124, https://doi.org/10.1038/
s43017-021-00246-9.

Lutz, S., A.M. Anesio, R. Raiswell, A. Edwards, 
R.J. Newton, F. Gill, and L.G. Benning. 2016. 
The biogeography of red snow microbiomes 
and their role in melting arctic glaciers. Nature 
Communications 7:11968, https://doi.org/10.1038/
ncomms11968.

MacKenzie, S.M., M. Neveu, A.F. Davila, J.I. Lunine, 
K.L. Craft, M.L. Cable, C.M. Phillips-Lander, 
J.D. Hofgartner, J.L. Eigenbrode, and J.H. Waite. 
2021. The Enceladus Orbilander mission con-
cept: Balancing return and resources in the search 
for life. The Planetary Science Journal 2(2):77, 
https://doi.org/10.3847/PSJ/abe4da.

Martin, W.F., D.A. Bryant, and J.T. Beatty. 2018. A 
physiological perspective on the origin and evo-
lution of photosynthesis. FEMS Microbiology 
Reviews 42(2):205–231, https://doi.org/10.1093/
femsre/fux056.

McGillicuddy, D.J. Jr. 2016. Mechanisms of physical- 
biological- biogeochemical interaction at the 
oceanic mesoscale. Annual Review of Marine 
Science 8:125–129, https://doi.org/10.1146/
annurev- marine-010814-015606.

McKnight, D.M., B. Howes, C. Taylor, and 
D. Goehringer. 2000. Phytoplankton dynam-
ics in a stably stratified Antarctic lake during win-
ter darkness. Journal of Phycology 36(5):852–861, 
https://doi.org/10.1046/j.1529-8817.2000.00031.x.

Meister, M., D. Dichek, A. Spears, B. Hurwitz, 
C. Ramey, J. Lawrence, K. Philleo, J. Lutz, 
J. Lawrence, and B.E. Schmidt. 2018. Icefin: 
Redesign and 2017 Antarctic field deployment. 
Pp. 1–5 in OCEANS 2018 MTS/IEEE Charleston. 
Conference held October 22–25, 2018, Charleston, 
SC, https://doi.org/10.1109/OCEANS.2018.8604725.

Mikucki, J.A., P.A. Lee, D. Ghosh, A.M. Purcell, 
A.C. Mitchell, K.D. Mankoff, A.T. Fisher, A. Tulaczyk, 
S. Carter, M.R. Siegfried, and H.A. Fricker. 2016. 
Subglacial Lake Whillans microbial biogeochemistry: 
A synthesis of current knowledge. Philosophical 
Transactions of the Royal Society A 374(2059), 
https://doi.org/10.1098/rsta.2014.0290.

Mousis, O., E. Chassefiere, N.G. Holm, 
A. Bouquet, J.H. Waite, W.D. Geppert, S. Picaud, 
Y. Aikawa, M. Ali-Dib, and J.-L. Charlou. 2015. 
Methane clathrates in the solar system. 
Astrobiology 15(4):308–326, https://doi.org/ 
10.1089/ast.2014.1189.

Murray, A.E., F.R. Rack, R. Zook, M.J. Williams, 
M.L. Higham, M. Broe, R.S. Kaufmann, and M. Daly. 
2016. Microbiome composition and diversity of 
the ice-dwelling sea anemone, Edwardsiella 
andrillae. Integrative and Comparative 
Biology 56(4):542–555, https://doi.org/10.1093/ 
icb/icw095.

https://doi.org/10.1111/1462-2920.15656
https://doi.org/10.1111/1462-2920.15656
https://doi.org/10.1016/j.gca.2015.04.017
https://doi.org/10.1016/j.gca.2015.04.017
https://doi.org/10.1029/2019GL085885
https://doi.org/10.2138/gselements.16.1.47
https://doi.org/10.2138/gselements.16.1.47
https://doi.org/10.1016/j.icarus.2020.114099
https://doi.org/10.1016/j.icarus.2020.114099
https://doi.org/10.5670/oceanog.2012.23
https://doi.org/10.1089/ast.2006.6.463
https://doi.org/10.2307/j.ctt1xp3wdw.32
https://doi.org/10.2307/j.ctt1xp3wdw.32
https://doi.org/10.1007/s11214-020-00713-7
https://doi.org/10.1029/2017JC013617
https://doi.org/10.1029/2017JC013617
https://doi.org/10.1002/2016JG003694
https://doi.org/10.1111/jpy.12952
https://doi.org/10.1111/jpy.12952
https://doi.org/10.1175/1520-0485(1999)029<1787:MTIOIA>2.0.CO;2
https://doi.org/10.1175/1520-0485(1999)029<1787:MTIOIA>2.0.CO;2
https://doi.org/10.1175/1520-0485(1999)029<1787:MTIOIA>2.0.CO;2
https://doi.org/10.1126/science.aaz5491
https://doi.org/10.1038/s41467-020-15160-9
https://doi.org/10.1038/nature14262
https://doi.org/10.1038/nature14262
https://doi.org/10.1073/pnas.0511033103
https://doi.org/10.1073/pnas.0511033103
https://doi.org/10.25607/OBP-711
https://doi.org/10.1038/s41550-018-0450-z
https://doi.org/10.1038/s41550-018-0450-z
https://doi.org/10.1007/s00300-018-2278-5
https://doi.org/10.1007/978-3-030-33208-2_4
https://doi.org/10.1021/acs.cgd.0c00855
https://doi.org/10.1021/acs.cgd.0c00855
https://doi.org/10.3389/fmicb.2018.01605
https://doi.org/10.1002/2013JE004563
https://doi.org/10.1002/2013JE004563
https://doi.org/10.1038/s41561-019-0369-8
https://doi.org/10.1038/s41561-019-0369-8
https://doi.org/10.1073/pnas.2001648117
https://doi.org/10.1073/pnas.2001648117
https://doi.org/10.1038/ngeo2245
https://doi.org/10.1038/ngeo2245
https://doi.org/10.1002/2016JG003626
https://doi.org/10.1111/j.1749-6632.2011.06276.x
https://doi.org/10.1111/j.1749-6632.2011.06276.x
https://doi.org/10.1109/AUV.2016.7778655
https://doi.org/10.1515/9781400841974
https://doi.org/10.3389/fmars.2016.00072
https://doi.org/10.1038/s41586-020-2075-5
https://doi.org/10.1038/s41586-020-2075-5
https://doi.org/10.1038/s43017-021-00246-9
https://doi.org/10.1038/s43017-021-00246-9
https://doi.org/10.1038/ncomms11968
https://doi.org/10.1038/ncomms11968
https://doi.org/10.3847/PSJ/abe4da
https://doi.org/10.1093/femsre/fux056
https://doi.org/10.1093/femsre/fux056
https://doi.org/10.1146/annurev-marine-010814-015606
https://doi.org/10.1146/annurev-marine-010814-015606
https://doi.org/10.1046/j.1529-8817.2000.00031.x
https://doi.org/10.1109/OCEANS.2018.8604725
https://doi.org/10.1098/rsta.2014.0290
https://doi.org/10.1089/ast.2014.1189
https://doi.org/10.1089/ast.2014.1189
https://doi.org/10.1093/icb/icw095
https://doi.org/10.1093/icb/icw095


Oceanography |  Vol.35, No.138

NASEM (National Academies of Sciences, 
Engineering, and Medicine). 2022. Origins, Worlds, 
and Life: A Decadal Strategy for Planetary Science 
and Astrobiology 2023–2032. The National 
Academies Press, Washington, DC, 800 pp., 
https://doi.org/10.17226/26522.

Néri, A., F. Guyot, B. Reynard, and C. Sotin. 2020. A 
carbonaceous chondrite and cometary origin for icy 
moons of Jupiter and Saturn. Earth and Planetary 
Science Letters 530:115920, https://doi.org/ 10.1016/ 
j.epsl.2019.115920.

Neveu, M., L.E. Hays, M.A. Voytek, M.H. New, and 
M.D. Schulte. 2018. The ladder of life detection. 
Astrobiology 18(11):1,375–1,402, https://doi.org/ 
10.1089/ast.2017.1773.

Newman, L., P. Heil, R. Trebilco, K. Katsumata, 
A. Constable, E. Van Wijk, K. Assmann, J. Beja, 
P. Bricher, and R. Coleman. 2019. Delivering sus-
tained, coordinated, and integrated observations 
of the Southern Ocean for global impact. Frontiers 
in Marine Science 6:433, https://doi.org/10.3389/
fmars.2019.00433.

Nimmo, F., A.C. Barr, M. Behounková, and 
W.B. McKinnon. 2018. The thermal and orbital evo-
lution of Enceladus: Observational constraints and 
models. Pp. 79–94 in Enceladus and the Icy Moons 
of Saturn. P.M. Schenk, R.N. Clark, C.J.A. Howett, 
A.J. Verbiscer, and J.H. Waite, eds, The University 
of Arizona Press.

Obryk, M., P. Doran, and J. Priscu. 2014. The per-
manent ice cover of Lake Bonney, Antarctica: 
The influence of thickness and sediment distri-
bution on photosynthetically available radiation 
and chlorophyll-a distribution in the underlying 
water column. Journal of Geophysical Research: 
Biogeosciences 119(9):1,879–1,891, https://doi.org/ 
10.1002/2014JG002672.

Pappalardo, R., J. Head, R. Greeley, R. Sullivan, 
C. Pilcher, G. Schubert, W. Moore, M. Carr, 
J. Moore, and M. Belton. 1998. Geological evi-
dence for solid-state convection in Europa’s ice 
shell. Nature 391(6665):365–368, https://doi.org/ 
10.1038/34862.

Postberg, F., N. Khawaja, B. Abel, G. Choblet, 
C.R. Glein, M.S. Gudipati, B.L. Henderson, 
H.-W. Hsu, S. Kempf, and F. Klenner. 2018. 
Macromolecular organic compounds from the 
depths of Enceladus. Nature 558(7711):564–568, 
https://doi.org/10.1038/s41586-018-0246-4.

Rack, F.R., R. Zook, R.H. Levy, R. Limeburner, 
C. Stewart, M.J.M. Williams, B. Luyendyk, and 
the ANDRILL Coulman High Project Site Survey 
Team. 2012. What lies beneath? Interdisciplinary 
outcomes of the ANDRILL Coulman High 
Project site surveys on the Ross Ice Shelf. 
Oceanography 25(3):84–89, https://doi.org/ 
10.5670/oceanog.2012.79.

Randelhoff, A., L. Lacour, C. Marec, E. Leymarie, 
J. Lagunas, X. Xing, G. Darnis, C. Penkerc’h, 
M. Sampei, and L. Fortier. 2020. Arctic mid- winter 
phytoplankton growth revealed by autonomous 
profilers. Science Advances 6(39):eabc2678, 
https://doi.org/10.1126/sciadv.abc2678.

Ray, C., C.R. Glein, J.H. Waite, B. Teolis, T. Hoehler, 
J.A. Huber, J. Lunine, and F. Postberg. 2021. 
Oxidation processes diversify the metabolic menu 
on Enceladus. Icarus 364:114248, https://doi.org/ 
10.1016/j.icarus.2020.114248.

Reidel, M., M. Scherwath, M. Romer, C.K. Paull, 
E. Lundsten, D. Caress, P. Brewer, J. Pohlman, 
L.L. Lapham, and N.R. Chapman. 2022. Barkley 
Canyon gas hydrates: A synthesis based on two 
decades of seafloor observation and remote 
sensing. Frontiers in Earth Science 10:852853, 
https://doi.org/10.3389/feart.2022.852853.

Robinson, K.J., K.M. Fecteau, I.R. Gould, H.E. Hartnett, 
L.B. Williams, and E.L. Shock. 2020. Metastable 
equilibrium of substitution reactions among oxy-
gen- and nitrogen-bearing organic compounds 
at hydrothermal conditions. Geochimica et 
Cosmochimica Acta 272:93–104, https://doi.org/ 
10.1016/j.gca.2019.12.030.

Roth, L., J. Saur, K.D. Retherford, D.F. Strobel, 
P.D. Feldman, M.A. McGrath, and F. Nimmo. 2014. 
Transient water vapor at Europa’s south pole. 
Science 343(6167):171–174, https://doi.org/10.1126/
science.1247051.

Russell, M.J., A.E. Murray, and K.P. Hand. 2017. The 
possible emergence of life and differentiation of 
a shallow biosphere on irradiated icy worlds: The 
example of Europa. Astrobiology 17(12):1,265–1,273, 
https://doi.org/10.1089/ast.2016.1600.

Schmidt, B., D. Blankenship, G. Patterson, and 
P. Schenk. 2011. Active formation of ‘chaos 
terrain’ over shallow subsurface water on Europa. 
Nature 479(7374):502–505, https://doi.org/10.1038/
nature10608.

Schmidt, B. 2020. The astrobiology of Europa and 
the Jovian system. Pp. 185–216 in Planetary 
Astrobiology. V.S. Meadows, G.N. Arney, 
B.E. Schmidt, and D.J. Des Marais, eds, University 
of Arizona Press.

Seewald, J.S. 1994. Evidence for metastable equi-
librium between hydrocarbons under hydro-
thermal conditions. Nature 370(6487):285–287, 
https://doi.org/ 10.1038/370285a0.

Shock, E., C. Bockisch, C. Estrada, K. Fecteau, 
I. Gould, H. Hartnett, K. Johnson, K. Robinson, 
J. Shipp, and L. Williams. 2019. Earth as organic 
chemist. Pp. 415–446 in Deep Carbon: Past to 
Present. B. Orcutt, I. Daniel, and R. Dasgupta, 
eds, Cambridge University Press, Cambridge, 
https://doi.org/ 10.1017/9781108677950.014.

Siedler, G., S. Griffies, J. Gould, and J. Church, eds. 
2013. Ocean Circulation and Climate: A 21st 

Century Perspective. International Geophysics 
Book Series, vol. 103, Academic Press, 868 pp.

Soderlund, K.M., K. Kalousová, J.J. Buffo, C.R. Glein, 
J.C. Goodman, G. Mitri, G.W. Patterson, F. Postberg, 
M. Rovira-Navarro, and T. Rückriemen. 2020. 
Ice-ocean exchange processes in the Jovian 
and Saturnian satellites. Space Science 
Reviews 216(5):1–57, https://doi.org/10.1007/
s11214-020-00706-6.

Sparks, W.B., B.E. Schmidt, M.A. McGrath, K.P. Hand, 
J.R. Spencer, M. Cracraft, and S.E. Deustua. 2017. 
Active cryovolcanism on Europa? The Astrophysical 
Journal Letters 839:L18, https://doi.org/ 10.3847/ 
2041-8213/aa67f8.

Sumner, D., A. Jungblut, I. Hawes, D. Andersen, 
T. Mackey, and K. Wall. 2016. Growth of elabo-
rate microbial pinnacles in Lake Vanda, Antarctica. 
Geobiology 14(6):556–574, https://doi.org/10.1111/
gbi.12188.

Taubner, R.-S., P. Pappenreiter, J. Zwicker, D. Smrzka, 
C. Pruckner, P. Kolar, S. Bernacchi, A.H. Seifert, 
A. Krajete, and W. Bach. 2018. Biological meth-
ane production under putative Enceladus-
like conditions. Nature Communications 9:748, 
https://doi.org/ 10.1038/s41467-018-02876-y.

Tobie, G., J.I. Lunine, and C. Sotin. 2006. Episodic 
outgassing as the origin of atmospheric methane 
on Titan. Nature 440(7080):61–64, https://doi.org/ 
10.1038/nature04497.

Van Dover, C.L., and J.L. Trask. 2000. Diversity at 
deep-sea hydrothermal vent and intertidal mussel 
beds. Marine Ecology Progress Series 195:169–178, 
https://doi.org/10.3354/meps195169.

Vance, S., K. Hand, and R. Pappalardo. 2016. 
Geophysical controls of chemical disequi-
libria in Europa. Geophysical Research 
Letters 43(10):4,871–4,879, https://doi.org/ 
10.1002/2016GL068547.

Waite, J.H., C.R. Glein, R.S. Perryman, B.D. Teolis, 
B.A. Magee, G. Miller, J. Grimes, M.E. Perry, 
K.E. Miller, and A. Bouquet. 2017. Cassini 
finds molecular hydrogen in the Enceladus 
plume: Evidence for hydrothermal processes. 
Science 356(6334):155–159, https://doi.org/ 
10.1126/science.aai8703.

Walker, C., and B. Schmidt. 2015. Ice collapse over 
trapped water bodies on Enceladus and Europa. 
Geophysical Research Letters 42(3):712–719, 
https://doi.org/10.1002/2014GL062405.

Weller, M.B., L. Fuchs, T.W. Becker, and 
K.M. Soderlund. 2019. Convection in thin shells of 
icy satellites: Effects of latitudinal surface tempera-
ture variations. Journal of Geophysical Research: 
Planets 124(8):2,029–2,053, https://doi.org/ 
10.1029/2018JE005799.

White, S.N., A.D. Chave, and G.T. Reynolds. 2002. 
Investigations of ambient light emission at deep-
sea hydrothermal vents. Journal of Geophysical 
Research: Solid Earth 107(B1):EPM 1-1–EPM 1-13, 
https://doi.org/10.1029/2000JB000015.

Winebrenner, D.P., P.M. Kintner, and J.A. MacGregor. 
2019. New estimates of ice and oxygen fluxes 
across the entire lid of Lake Vostok from obser-
vations of englacial radio wave attenua-
tion. Journal of Geophysical Research: Earth 
Surface 124(3):795–811, https://doi.org/ 10.1029/ 
2018JF004692.

ACKNOWLEDGMENTS
The idea for this manuscript came out of a December 
2019 joint NASA-NSF workshop “Oceans Across 
the Solar System” co-chaired by Laura Lorenzoni 
and Mary Voytek. We thank Jill Mikucki for contri-
butions to this manuscript and Ashley Kleinman 
for assistance in preparing it for publication. 
Funding to JBG and BES was provided by the 
Oceans Across Space and Time (OAST) project, 
funded by NASA’s Astrobiology Program award 
80NSSC18K1301. Funding for BES was also pro-
vided by SESAME grant 80NSSC19K0615, and Icefin 
work was provided by NASA PSTAR program RISE 
UP NNX16AL07G and NSF-NERC ITGC Thwaites pro-
gram #1739003. Funding for HMD was provided by 
NASA’s Ocean Biology and Biogeochemistry pro-
gram (80NSSC20K1518). Funding for CRG was pro-
vided by NASA ICEE2 grant 80NSSC19K0611. Funding 
for DPW was provided by NASA SESAME grant 
NNN12AA01C with prior sampling and jetting melt 
probe development supported by NASA COLDTECH 
grant NNX17AF68G. 

AUTHORS
Jennifer B. Glass (jennifer.glass@eas.gatech.edu) is 
Associate Professor, School of Earth & Atmospheric 
Sciences, Georgia Institute of Technology, Atlanta, 
GA, USA. Heidi M. Dierssen is Professor, Department 
of Marine Sciences, University of Connecticut, 
Groton, CT, USA. Christopher R. Glein is Lead 
Scientist, Space Science and Engineering Division, 
Southwest Research Institute, San Antonio, TX, 
USA. Britney E. Schmidt is Associate Professor, 
Departments of Earth & Atmospheric Sciences and 
Astronomy, Cornell University, Ithaca, NY, USA. 
Dale P. Winebrenner is Senior Principal Scientist, 
Applied Physics Laboratory, and Research Professor, 
Department of Earth and Space Sciences, University 
of Washington, Seattle, WA, USA. 

ARTICLE CITATION
Glass, J.B., H.M. Dierssen, C.R. Glein, B.E. Schmidt, 
and D.P. Winebrenner. 2022. Defining and character-
izing habitable environments in ocean world systems. 
Oceanography 35(1):30–38, https://doi.org/10.5670/
oceanog.2021.414.

COPYRIGHT & USAGE
This is an open access article made available under 
the terms of the Creative Commons Attribution 4.0 
International License (https://creativecommons.org/
licenses/by/4.0/), which permits use, sharing, adapta-
tion, distribution, and reproduction in any medium or 
format as long as users cite the materials appropri-
ately, provide a link to the Creative Commons license, 
and indicate the changes that were made to the 
original content.

https://doi.org/10.17226/26522
https://doi.org/10.1016/j.epsl.2019.115920
https://doi.org/10.1016/j.epsl.2019.115920
https://doi.org/10.1089/ast.2017.1773
https://doi.org/10.1089/ast.2017.1773
https://doi.org/10.3389/fmars.2019.00433
https://doi.org/10.3389/fmars.2019.00433
https://doi.org/10.1002/2014JG002672
https://doi.org/10.1002/2014JG002672
https://doi.org/10.1038/34862
https://doi.org/10.1038/34862
https://doi.org/10.1038/s41586-018-0246-4
https://doi.org/10.5670/oceanog.2012.79
https://doi.org/10.5670/oceanog.2012.79
https://doi.org/10.1126/sciadv.abc2678
https://doi.org/10.1016/j.icarus.2020.114248
https://doi.org/10.1016/j.icarus.2020.114248
https://doi.org/10.3389/feart.2022.852853
https://doi.org/10.1016/j.gca.2019.12.030
https://doi.org/10.1016/j.gca.2019.12.030
https://doi.org/10.1126/science.1247051
https://doi.org/10.1126/science.1247051
https://doi.org/10.1089/ast.2016.1600
https://doi.org/10.1038/nature10608
https://doi.org/10.1038/nature10608
https://doi.org/10.1038/370285a0
https://doi.org/10.1017/9781108677950.014
https://doi.org/10.1007/s11214-020-00706-6
https://doi.org/10.1007/s11214-020-00706-6
https://doi.org/10.3847/2041-8213/aa67f8
https://doi.org/10.3847/2041-8213/aa67f8
https://doi.org/10.1111/gbi.12188
https://doi.org/10.1111/gbi.12188
https://doi.org/10.1038/s41467-018-02876-y
https://doi.org/10.1038/nature04497
https://doi.org/10.1038/nature04497
https://doi.org/10.3354/meps195169
https://doi.org/10.1002/2016GL068547
https://doi.org/10.1002/2016GL068547
https://doi.org/10.1126/science.aai8703
https://doi.org/10.1126/science.aai8703
https://doi.org/10.1002/2014GL062405
https://doi.org/10.1029/2018JE005799
https://doi.org/10.1029/2018JE005799
https://doi.org/10.1029/2000JB000015
https://doi.org/10.1029/2018JF004692
https://doi.org/10.1029/2018JF004692
mailto:jennifer.glass%40eas.gatech.edu?subject=
https://doi.org/10.5670/oceanog.2021.414
https://doi.org/10.5670/oceanog.2021.414

