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Abstract
The habitability of Europa is a property within a system, which is driven by a multitude
of physical and chemical processes and is defined by many interdependent parameters, so
that its full characterization requires collaborative investigation. To explore Europa as an
integrated system to yield a complete picture of its habitability, the Europa Clipper mission
has three primary science objectives: (1) characterize the ice shell and ocean including their
heterogeneity, properties, and the nature of surface–ice–ocean exchange; (2) characterize
Europa’s composition including any non-ice materials on the surface and in the atmosphere,
and any carbon-containing compounds; and (3) characterize Europa’s geology including
surface features and localities of high science interest. The mission will also address several
cross-cutting science topics including the search for any current or recent activity in the form
of thermal anomalies and plumes, performing geodetic and radiation measurements, and
assessing high-resolution, co-located observations at select sites to provide reconnaissance
for a potential future landed mission. Synthesizing the mission’s science measurements, as
well as incorporating remote observations by Earth-based observatories, the James Webb
Space Telescope, and other space-based resources, to constrain Europa’s habitability, is a
complex task and is guided by the mission’s Habitability Assessment Board (HAB).

Keywords Europa · Ocean worlds · Ice · Habitability · Jupiter

1 Habitability of Europa

At its most basic, the Europa Clipper mission is conceived as an investigation of Europa’s
water, essential chemical elements and compounds, and energy sources, all directed to better
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Fig. 1 Jupiter’s moon Europa is
one the most promising
candidates for hosting life today
among ocean worlds in the solar
system. In its investigation of
Europa’s habitability, the Europa
Clipper mission seeks to
understand the provenance of
water, essential chemical
elements and compounds, and
energy, and how they might
combine to make this moon’s
environments suitable to support
life. Modified from a pre-Europa
Clipper mission study report
(Europa Study Team 2012)

understand Europa’s potential habitability (Fig. 1). The mission will confirm (or conceiv-
ably, refute) the existence of Europa’s subsurface ocean, and it will further characterize the
moon through multiple investigations in order to constrain its habitability. The goal of the
Europa Clipper mission is not to detect life itself, but to assess Europa’s ability to support
life as we know it (further addressed below) by harboring essential chemical compounds and
sources of energy in addition to liquid water (e.g., Greenberg et al. 2000; Chyba and Phillips
2001; Cable et al. 2020). In this paper, we describe the context of Europa’s habitability as
currently conceived, and how the Europa Clipper science team plans to achieve the synthesis
of measurements needed to understand whether the moon is or was suitable to host life.

Compelling evidence for a present-day subsurface water ocean beneath Europa’s icy sur-
face was first obtained by the Galileo mission through measurements of an induced magnetic
field that was best fit by the existence of an electrically conductive layer, which was inter-
preted to be a salty, liquid water ocean in the near-surface interior (Kivelson et al. 1997,
1999, 2000; Khurana et al. 1998, 2009; Roberts et al. 2023). The existence of an ocean
seemed plausible because substantial heat is generated inside Europa through tidal dissi-
pation occurring during the moon’s eccentric orbit about Jupiter (e.g., Squyres et al. 1983;
Ojakangas and Stevenson 1989; Soderlund et al. 2014). The orbital eccentricity causes in-
ternal friction and dissipation in its icy shell, and critically, within the moon’s rocky inte-
rior, where water–rock interactions may provide reductants and other essential chemicals
required for habitability (e.g., Hsu et al. 2015; Běhounková et al. 2021). At Europa’s orbital
distance from Jupiter, strong oxidants (O2, H2O2, etc.) are produced on the surface from
the intense bombardment by energetic particles accelerated in the Jovian magnetosphere. If
these oxidants are transported into the interior and mix with potentially hydrogen-rich re-
ductants from the seafloor (Vance et al. 2016), the resulting chemical reactions may provide
abundant and long-lasting energy for metabolism as we know it on the Earth (Hand et al.
2009).

This paper addresses the high-level question of “what is habitability?” and describes
how the Europa Clipper mission will assess Europa’s habitability in particular. Section 2
comprises a major portion of the paper and discusses how Europa’s formation and evolution
determine the energy and chemical elements available for habitability (and habitation), and
details the measurements that will be made and what will potentially be learned from them.
Specific potentially habitable environments on Europa (ice shell, ocean, and seafloor) are
then discussed in Sect. 3. The paper concludes with a brief look-ahead to landed studies
(Sect. 4) and summary remarks (Sect. 5).
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1.1 What Is Habitability?

The definition of habitability that pertains to the Europa Clipper’s assessment is this: A hab-
itable environment contains the chemical ingredients and physical conditions clement for
life, even life considered extreme on Earth. A habitable environment is not necessarily in-
habited, i.e., survivable conditions do not imply the presence of life is present; however,
based on our current understanding of life on Earth may sustain life in this environment.
To grow and survive, known life requires certain chemical elements and compounds and
physical conditions (e.g., Smith et al. 2021). Relevant parameters include a hospitable tem-
perature, pressure, pH, salinity, and the presence of a solvent such as water (e.g., Schulze-
Makuch and Irwin 2018; Hendrix et al. 2019; Styczinski et al. 2022 and references within).
The combination of these properties, in the context of a long-lived physical setting, deter-
mines the types of organisms that might thrive.

Extremophiles are organisms that live in environments limited in one or more of the re-
quirements for life (Pikuta et al. 2007), and these organisms define the bounds of known hab-
itability, providing a guide for life’s possible limits. These limits constrain whether Europa
can support life at all. This assessment is one that the Europa Clipper science team intends
to perform. Subsequently, if Europa is deemed habitable, identifying the types and quantity
of possible organisms that Europa might support is critical for planning future life detection
missions. Any potential biosignatures detected by such a future mission (or conceivably,
by Europa Clipper itself; Salter et al. 2022a,b) would need to be understood in terms of
the physical and chemical conditions that produced them, including whether those condi-
tions could produce detectable biosignatures (e.g., Lorenz 2016). Constraining the energetic
fluxes between Europa’s reservoirs—both thermal and chemical—is required to understand
the context of potential biosignatures. For example, excesses of a particular compound such
as oxygen, in concert with another compound it reacts with such as methane, provide a sign
of life on Earth known as a disequilibrium biosignature (Krissansen-Totton et al. 2016).
Of course, for any potential biosignature, potential abiotic sources and their likelihood of
producing or contributing to the signal should be rigorously evaluated as the default null
hypothesis.

The investigation of habitability can be thought of as revealing environmental conditions
in the context of possible biological activity, as compared to signatures of abiotic cycles
of chemical elements. In this view, a systems-level interpretation of Europa Clipper obser-
vations, measurements, and models could quantify the potential biomass at Europa (e.g.,
Affholder et al. 2021). For example, on Earth, a pH around 7, temperature in the range of
0 to 100 °C, and the easy availability of nutrients are hallmarks of a setting capable of sup-
porting a large amount of biomass (Fig. 2), thereby likely providing sufficient material for
study with scientific instruments. Though life can persist in a broader range of pH, and at
lower temperatures, the amounts of biomass that can be supported at these more extreme
conditions are typically much smaller on Earth and presumably would also be so on Europa.
The kinetics of biomass degradation in such environments are also not well known, adding
to uncertainties inherent in studying potential life in these different environments from any
we know on Earth (Hoehler 2022). These considerations underscore the importance of quan-
tifying and contextualizing habitability as well as providing critical context for any direct
search for life.

1.2 How Europa Clipper Will Assess Habitability

The overarching goal of NASA’s Europa Clipper mission is “to explore Europa to investigate
its habitability” (Pappalardo et al. 2024 this collection). Because habitability is an emergent
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Fig. 2 Examples of extremophiles and common environments on Earth for varying solution pH and tem-
perature. The investigation of Europa’s habitability extends beyond the binary of whether or not life can
survive there. On Earth, life can be found almost everywhere water is stable as a liquid. How much biomass
is present—and thus how easily that life might be detected—depends on the available chemical energy, which
varies mainly with conditions of temperature and pH, as shown here. In addition to confirming the presence
of liquid water, Europa Clipper may be able to characterize the details of Europa’s habitability by identifying
the specific environmental conditions that are present and how long they might have existed. Reproduced
from Shock and Holland (2007)

property of a complex system, as described above, with many interdependent physical and
chemical parameters and processes, no single measurement or investigation can character-
ize Europa’s habitability. Instead, results from investigating Europa as a system must be
integrated into a more complete picture. The Europa Clipper mission therefore has three
primary science objectives to investigate Europa’s habitability: (1) characterize the ice shell
and any subsurface water, including their heterogeneity, ocean properties, and the nature of
surface–ice–ocean exchange; (2) identify the composition of any non-ice materials on the
surface and in the atmosphere, including any carbon-containing compounds; and (3) charac-
terize geological surface features and high-science-interest localities. The mission will also
address several cross-cutting science topics by searching for any current or recent activity
in the form of thermal anomalies and/or plumes, performing geodetical and radiation mea-
surements, and assessing high-resolution, co-located observations at select sites to provide
reconnaissance for a potential future landed mission. Each investigation within the Europa
Clipper mission contributes to one or more of the three primary science objectives, and to-
gether they will achieve the mission’s goal to assess Europa’s habitability. In this respect, the
Europa Clipper investigations and associated data are highly complementary, and the syn-
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thesis of Europa Clipper science extends beyond the individual measurement requirements
for the mission.

To accomplish these objectives and cross-cutting assessments, Europa Clipper will use a
suite of in situ and remote sensing investigations:

• Europa Clipper Magnetometer (ECM)
• Europa Imaging System (EIS) Narrow Angle Camera (NAC) and Wide Angle Camera

(WAC)
• Europa THermal EMission Imaging System (E-THEMIS)
• Europa UltraViolet Spectrograph (Europa-UVS)
• Gravity and Radio Science (G/RS)
• MAss Spectrometer for Planetary EXploration (MASPEX)
• Mapping Imaging Spectrometer for Europa (MISE)
• Plasma Instrument for Magnetic Sounding (PIMS)
• Radar for Europa Assessment and Sounding: Ocean to Near-surface (REASON)
• SUrface Dust Analyzer (SUDA)

A radiation monitor is part of the engineering instrumentation and its multiple sensors
will measure the spacecraft’s exposure to highly energetic particles. These data will aid
in characterizing the radiation environment of Europa. Further, to optimize science data
collection, the science instruments and engineering sensors have been carefully placed on
the spacecraft to allow simultaneous data collection while pointing the remote-sensing in-
struments at the same surface locations and sampling the in situ environment above these
regions. Additionally, the mission operations plan ensures science data return based on sci-
ence priority and feed-forward instrument data needs, and the measurement plans, acquired
data, and science results are discussed and shared across the full science team.

Planned measurements by the science investigations will be combined to achieve the
Level 1 science requirements (L1s) and enable assessment of Europa’s habitability. Table 1
shows how each investigation’s contributions, by science theme, tie to achieving the L1s.
Measurements build upon one another to inform about habitability. For example, observa-
tions of the surface materials provide information about the composition and conditions of
the ocean and its interaction with the rocky mantle vs. exogenic contributions. These find-
ings can then serve as markers for activity. The specific contributions of each investigation
to the science themes and closely-linked L1 science objectives are as follows:

Ice shell and ocean: Data from EIS NAC and WAC along with the REASON VHF and
HF ice-penetrating radar will contribute to investigating the potential subsurface exchange
pathways in Europa’s ice shell and ocean; EIS NAC and WAC, REASON VHF and HF
and E-THEMIS will interrogate the structure of Europa’s subsurface; ECM, EIS NAC and
WAC, E-THEMIS, G/RS, PIMS, and REASON VHF and HF will constrain Europa’s ice
shell properties, including its average thickness; and ECM, EIS NAC and WAC, G/RS,
MASPEX, MISE, PIMS, REASON VHF and SUDA will constrain Europa’s ocean prop-
erties, including its average thickness and salinity.

Composition: Data from EIS NAC and WAC, Europa-UVS, MASPEX, MISE, and SUDA
will enable construction of a compositional map comprising more than 60% of Europa’s
surface at ≤10 km spatial scale; EIS NAC and WAC, Europa-UVS, MASPEX, MISE,
REASON VHF and HF and SUDA will observe the composition of Europa’s surface at
regions with ≤300 m spatial scale, including MISE observations at ≤50-m pixel scale of
≥30 surface features to determine composition of individual landforms; ECM Europa-UVS,
MASPEX, MISE, PIMS, REASON VHF and HF, and SUDA will interrogate Europa’s at-
mospheric composition; and ECM, Europa-UVS, MASPEX, MISE, PIMS, and SUDA will
measure the composition of Europa’s space environment.
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Table 1 Linking of the three primary science objectives and cross-cutting Current Activity objective to the
Level 1 science requirements, science themes, and contributing observations from the investigations. Achiev-
ing the high-level science objectives will enable the Europa Clipper mission to achieve its overarching goal
of understanding Europa’s habitability

Geology: EIS WAC and NAC images will enable production of controlled photomo-
saic maps covering ≥80% of the surface at ≤100 m spatial scale, with contributions by
E-THEMIS and MISE observations at lower resolutions; EIS NAC and WAC, E-THEMIS,
Europa-UVS, MASPEX, MISE, REASON VHF and HF, and SUDA will characterize land-
forms at ≤25-m spatial scale across ≥5% of the surface with global distribution, including
measurements of topography at ≤15-m vertical precision across ≥1% of Europa’s surface;
local scale surface properties will be observed by EIS NAC (∼1 m spatial scale) and WAC
(≤4-m spatial scale), E-THEMIS (≤250-m), and REASON VHF reflectometry (≤10-km
along track resolution) and HF reflectometry (≤27.5-km along track resolution) for more
than 18 globally distributed sites.

Current activity: EIS NAC and WAC, E-THEMIS, Europa-UVS, and MISE will perform
remote plume searches and characterize plume material if detected; ECM, MASPEX, PIMS,
REASON VHF and HF, and SUDA will search for plumes through in situ measurements
and characterize material if present; EIS NAC and WAC, E-THEMIS, MISE, and REASON
VHF and HF will contribute to surface thermal anomaly searches to help define the source
regions of potential plumes and activity; and EIS NAC and WAC, E-THEMIS, Europa-UVS,
MASPEX, MISE, and REASON VHF and HF, and SUDA will contribute to searching for
evidence of surface changes that indicate recent or current activity.
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Fig. 3 Europa Clipper investigations, left, will acquire the fundamental data—images, spectra, in situ sam-
ples, etc.—that will be interpreted through models and analyses to derive properties of Europa that reveal the
types of metabolism that might be possible, and the environmental conditions that might support life’s origin
and persistence through time. This synthesis of information is needed in order to assess Europa’s habitability

Constraining the compositional exchanges between suboceanic rocks, the ocean, the ice
shell, and the surface throughout Europa’s history to understand its habitability provides
an example for the need to combine the many lines of evidence inferred from the Europa
Clipper investigations. Figure 3 describes pathways from the fundamental investigation data
that will be obtained by Europa Clipper instruments, through data analysis and modeling,
to a derived constraint on a parameter value important for habitability. Direct links are not
made between measurements and derived properties because, in most cases, deriving the
information requires data from multiple investigations.

To foster collaboration across all science investigations and mission development, the
Europa Clipper mission has set up three Thematic Working Groups (TWGs): (1) Interior,
(2) Composition, and (3) Geology. The charges of the TWGs map directly to the aforemen-
tioned high-level science objectives of characterizing the ice shell and ocean, composition,
and geology. The TWGs are composed of science team members from all investigations and
work to shepherd the respective discipline science across the multiple investigations (Pap-
palardo et al. 2024 this collection). In addition to the TWGs, Focus Groups (FGs) have been
established to study specific topics that cross-cut the interest of the TWGs. For example,
the current activity objective maps to the Plumes FG. Three additional FGs allow focused
studies and discussion of radiation, geodesy science, and reconnaissance for future mission
development.

At a level above the TWGs, the Europa Clipper science team structure also includes a
Habitability Assessment Board (HAB), the membership of which is comprised of the en-
tire Europa Clipper science team. The HAB is charged with providing a high-level, cross-
instrument and cross-discipline, habitability-driven science perspective. Also, the HAB
leadership is empowered to convene regular meetings to discuss and recommend to the
project’s science leadership the formation of FGs to address scientific and technical prob-
lems related to habitability.
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Together, these science team structures, science goals, and investigations enable the Eu-
ropa Clipper mission to conduct its cross-discipline effort to assess Europa’s habitability.
Measurements that feed into the higher-level objectives and cross-cutting topics are de-
scribed in the following section.

2 Measurements to Investigate Europa as a Potentially Habitable
System

2.1 Europa as a System

Investigating Europa’s habitability requires the synthesis of measurements that reveal the
combination of material ingredients, energy sources, and geological processes capable of
delivering these ingredients and energetic sources to viable ecological niches. Figure 4 com-
bines themes from the associated Thematic Working Group papers (Composition: Becker
et al. 2024; Geology: Daubar et al. 2024; Interior: Roberts et al. 2023, all this collection)
to illustrate possible interior phenomena on Europa that may work together to create such
potential niches. Understanding the parts of Europa and how they work together as a system
requires understanding Europa’s formation (the initial inventory of energy and materials),
physical processes that mix, reprocess, and redistribute these materials, and chemical path-
ways that arise from or feed back into those processes. Energetic pathways within Europa
have been conceived, in global terms appropriate to the current state of knowledge, as fluxes
of reductants and oxidants to the ocean over extended periods of time (McCollom 1999;
Chyba and Phillips 2001; Zolotov and Shock 2003, 2004; Hand et al. 2007, 2009; Vance
et al. 2016). These combinations of oxidants and reductants form a useful guide to the avail-
ability of chemical sources of energy for possible metabolisms in Europa’s ocean, ice shell,
and suboceanic materials. If the Europa Clipper mission is able to infer the pH and com-
position of Europa’s ocean from measurements of the composition and volatile content of

Fig. 4 Europa is a global system with different interacting regions and processes. Europa Clipper will provide
an unprecedented view into those processes, providing clues to the overturning of the ice and ocean, and the
chemistry of the deeper interior. Artist credit: D. Hinkle
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Fig. 5 Chemical affinity for methanogenesis from CO2 and H2 inferred for Enceladus’s ocean, computed
from available equilibrium thermodynamic data based on the volatile contents and particle-bound ions in
south polar plumes. By similarly constraining the composition and volatile content of materials within Eu-
ropa, either from plume materials that may be present, or from oceanic materials at the surface, the Europa
Clipper mission may be able to constrain the chemical affinity available to support metabolic processes. From
Waite et al. (2017). Reprinted with permission from AAAS

materials, either from any plume materials or from oceanic materials that may be present at
the surface, the mission can provide the information needed to derive the chemical affinity—
the excess energy available for a given metabolic reaction—in a similar manner as has been
done at Enceladus based on Cassini observations (Waite et al. 2017; Glein et al. 2018). Fig-
ure 5, reproduced from Waite et al. (2017), depicts the putative bounds on the ocean’s pH,
for the modeled escape mechanism of the measured H2 and H2O. The inferred excess chem-
ical energy available for methanogenesis, shown on the y-axis, is highest for the lowest pH
bound of 9.

The availability of an energy source for life and presence of global liquid water are not
sufficient conditions for habitability. An inventory of essential organic compounds; miner-
als; salts; dissolved volatiles; and associated pH, Eh, and water activity is a third requirement
for the potential origin and persistence of life. The context of global and regional physi-
cal processes that drive chemical and energetic pathways also plays a role in creating and
sustaining ecological niches by controlling the delivery of essential materials to different
regions.

The Importance of Salinity. The Europa Clipper has a Level 1 science require-
ment to constrain the salinity of the ocean to better than 50%. This knowledge is key
to understanding Europa’s habitability because the amounts and types of salts can be
traced to how much water-rock interaction has occurred within Europa, and the types of
salts present depends on the redox state of the ocean—the balance of dissolved oxygen
and hydrogen rich materials—and the pH. Thus, salinity is an indicator for Europa’s
physical processes and composition.

Salinity can be understood in the simplest terms as the amount of dissolved salt in a
body of water (in wt%). The inventory of specific salts in the ocean—the speciation of
ions in solution—has important effects on any measurements of ocean salinity. Salinity
is a derived quantity that will not be directly measured by any of the investigations. In
Earth’s ocean, the composition implied by a salinity measurement is referenced to a
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standard ocean water composition (Millero et al. 2008). More generally, electrical con-
ductivity measurements in geochemical field studies provide a check on the chemistry
of sampled fluids, a solution based on additional measurements of fluid properties such
as pH, Eh, and temperature (e.g., McCleskey et al. 2012). Understanding how the salts
that are present affect the energy available to different metabolic pathways (the chemi-
cal affinity of a given reaction) requires knowing which ions are present, including H+
that might be constrained from samples of Europa’s atmosphere and surface (PIMS,
MISE, SUDA, and MASPEX).

The most direct means for estimating the bulk salt content is through its associ-
ation with electrical conductivity inferred through magnetic induction measurements
(see Roberts et al. 2023) from ECM and PIMS observations, and supporting data from
the Radiation Monitor. With measurements of induced magnetic fields arising from
the rotation of Jupiter’s field, Europa’s eccentric orbit, and harmonics related to these
frequencies, this technique will constrain the ocean’s electrical conductivity and the
thickness of the ocean. The depth to the conducting layer also provides a constraint on
the thickness of the ice shell. However, if the thickness of the conducting layer can also
be constrained by other means—e.g., through radar sounding of the ice thickness with
REASON or by constraining the depth to the silicate layer through gravity and radio
science—then the ocean’s electrical conductivity can be inferred with greater precision.
This information can then be used to constrain the distribution of ions in the ocean, and
hence its salinity (Fig. 6).

To obtain a more complete understanding of Europa’s ocean salinity, the inferred
electrical conductivity must be assessed against other measurements. For example, the
thickness of the ice provides an additional check on the ocean’s composition because
the temperature at the ice-ocean interface depends on the pressure at the base of the ice
and on the particular composition of the fluids (Vance et al. 2021; Fig. 6). A chloride-
dominated ocean will have a much lower bulk temperature (by as much as 10 K) relative
to one dominated by sulfates due to the stronger melting-point suppression of chlorides.
The two systems have unique profiles of electrical conductivity vs concentration, tem-
perature, and pressure. The SUDA instrument will be capable of quantifying the salt
composition present above different landforms on Europa’s surface. Similarly, it is pos-
sible to compute the salinity of an assemblage of dissolved ions consistent with models

Fig. 6 Europa’s ocean salinity is intrinsically linked to its temperature and to the thickness and dynamics of
the overlying ice. For a given ice depth—5 and 30 km here—different compositions and amounts of salt re-
quire different melting temperatures of the ice, which sets the temperature at the top of the ocean. Convection
in the ocean determines how temperature increases with depth as the salty fluids compress adiabatically. The
temperature profile of the ocean strongly affects the conductivity of the ocean, which will be inferred from
ECM and PIMS observations. Modified from Vance et al. (2021)



Investigating Europa’s Habitability with the Europa Clipper Page 11 of 44 81

for the thermal and chemical evolution of Europa’s ocean (Zolotov and Kargel 2009;
Melwani Daswani et al. 2021). Thus, additional constraints on the ocean composition
from other Europa Clipper instruments (EIS, E-THEMIS, Europa-UVS, MISE, SUDA,
MASPEX) will be essential for fully understanding Europa’s ocean salinity.

Europa Clipper will investigate Europa as a system by integrating data collected for the
three primary and one cross-cutting science objectives as summarized in Table 1. Europa’s
habitability is investigated by considering the many ways that these perspectives interact.
As an example, consider that the apparent resurfacing of the majority of Europa’s ice shell
over the last 100 million years (Bierhaus et al. 2009) indicates that there must be sources
of energy to drive motion within the ice. Physical processes in the ice shell that create sur-
face features (geology) redistribute material from the surface, ice shell, and ocean (interior,
composition, and current activity) and are intimately tied to the planetary heat budget over
time (interior). Thus, the vigor of these processes and the distribution and composition of
features may reveal mechanisms of exchange between the surface, ice shell, and ocean that
could introduce and sustain chemical gradients favorable to life or its precursors (habitabil-
ity).

A systems science approach has also proven invaluable in the study of the Earth, both
past and present. Such an interdisciplinary approach uses a holistic model that tracks the
combined material and energy fluxes from individual subsystems to examine the stability,
variability, and evolution of the larger system as a whole. Inferences about Earth’s biogeo-
chemical evolution have been enabled by Earth systems science, leading to complex climate
models (e.g., Kasting and Catling 2003; Edwards 2011; Catling and Kasting 2017), an ex-
tensive understanding of Earth’s evolution (e.g., Zeebe and Caldeira 2008; Ridgwell and
Zeebe 2005; Lyons et al. 2014), and ocean models (e.g., Sarmiento and Toggweiler 1984;
Fennel et al. 2005; Blättler et al. 2017). Similar methods have been employed for the study
of Mars, leading to theories of its past conditions there (e.g., Hu et al. 2015) and hypotheses
of possible metabolic activity (e.g., Formisano et al. 2004; Atreya et al. 2007; Lefèvre and
Forget 2009).

Using system science methods in the interpretation of Europa Clipper findings can lead
to a better understanding of Europa’s formation, evolution, and current state. Figure 7 de-
picts different transport processes (arrows) and potential chemical reservoirs (boxes) in the
Europa system, and their possible interactions. The remainder of this section describes as-
pects of Europa’s habitability in the context of this system framework, and further describes
how the Europa Clipper mission will investigate them through the collection and integration
of cross-cutting data.

2.2 How Europa’s Formation and Evolution Determined the Distribution of Its
Elements and Energy

By analyzing the compositions of endogenous and exogenous materials near Europa’s sur-
face, the Europa Clipper mission will provide insight into the origin of materials from which
Europa formed (Becker et al. 2024 this collection). Measurements of the moon’s composi-
tion by Europa Clipper will include remote compositional measurements, at global, regional,
and local-scale resolutions, using infrared (MISE) and ultraviolet wavelengths (Europa-
UVS), as well as making sounding and reflectometry observations to >3 km depth along
globally distributed ground tracks achieving a total cumulative length ≥30,000 km (REA-
SON). MISE will measure infrared absorption features indicative of hydrated salts, organics,
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Fig. 7 A systems model of Europa showing the interconnected systems of material exchange, thermal inputs,
and reservoir state, building from the physical processes depicted in Fig. 4. Such a framework, common in
Earth systems science, can be used to understand the overarching dynamics and stability of the system. It also
illustrates how an input or perturbation to one part of the system may have wide-ranging impacts to other
parts of the satellite system. Sizing of arrows and boxes is not quantitative

water ice in various phases, and radiolytic products, and map compositionally diagnostic
properties covering ≥60% of the surface at a global-scale of ≤10-km/pixel. These data
will characterize the global-scale composition and chemistry and its large-scale variability;
provide estimates of relative surface ages; identify exogenic compositional signatures; and
enable the search for possible large-scale heterogeneity in the ocean at a regional-scale of
≤300-m/pixel for more than 50 surface features. These data will provide measurements of
the regional-scale surface composition and chemistry, enabling a better understanding of the
chemical pathways between the ocean and surface, implications for the habitability of the
ocean, and will help identify any areas of current or recent activity. Observations at local-
scale resolutions of ≤50-m/pixel for more than 30 surface features will determine the com-
position of individual landforms and investigate how composition influences the formation
and evolution of landforms.

Europa-UVS will map compositionally diagnostic properties with ultraviolet observa-
tions across ≥70% of the surface at global-scale spatial resolution ≤30 km, in order to
constrain the global-scale composition and chemistry. Observations at the regional-scale,
≤1 km/pixel, for more than 30 representative landforms distributed across the surface will
constrain the surface composition and chemistry to understand the chemical pathways be-
tween the ocean and surface, provide implications for the habitability of the ocean, and
enable identification of areas of current or recent activity.

REASON will make altimetry, near-surface reflectometry, and subsurface sounding mea-
surements along globally distributed ground tracks to characterize the electromagnetic prop-
erties and interface geometries to depths of 3 km. Achieving a total cumulative length
≥30,000 km, in combination, these measurements will assess the regional composition of
surface materials, the geological context of the surface, the potential for geological activity,
the proximity of near-surface water, and the potential for active upwelling of ocean-derived
material. These objectives will be achieved by ensuring measurements in regions that are
globally distributed across the surface.
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EIS NAC and WAC will obtain images at a global scale of ≤100-m/pixel (400-m/pixel
in color) and at a regional scale of ≤25-m/pixel to understand the correlation of landform
type with composition, study geologic processes relevant to habitability, and constrain sur-
face ages. Imaging of limb profiles using EIS will help constrain ice shell properties, and
topographic data derived from imaging observations will be used to characterize clutter in
REASON sounding data.

Europa Clipper will also perform in situ measurements of sputtered and potential plume
materials with ECM, PIMS, MASPEX, and SUDA to determine Europa’s composition and
chemistry, including the identification of hydrated minerals and organic compounds. Volatile
and particle measurements will map compositionally diagnostic properties of more than ten
local surface features at a spatial resolution of ≤35 km in geographically distributed re-
gions, with the resolution for the in situ (MASPEX and SUDA) measurements commensu-
rate with spacecraft altitude. PIMS will measure the energy-per-charge distribution of ions
in Europa’s ionosphere, possible plumes, and the magnetosphere to characterize their com-
positions and plasma sources and to constrain the radiation evolution of surface materials.
ECM will measure the frequencies and amplitudes of ion cyclotron waves generated by
pickup ions, which will be measured during wake crossings to determine the composition
of Europa’s atmosphere.

Europa Clipper measurements will provide a detailed picture of Europa today. The chal-
lenge is to use these measurements to infer Europa’s accreted materials. Constraining, if
not determining, these starting materials is key to understanding Europa’s chemical evolu-
tion and thus its habitability through time. Many sources for Europa’s bulk materials have
been hypothesized: from local solar orbit (Canup and Ward 2002; McKinnon and Zolen-
sky 2003; Mousis and Gautier 2004), more remote material (Ronnet et al. 2018), material
reconstituted in an initially warm and relatively dense circumplanetary disk (CPD, Lunine
and Stevenson 1982; Peale and Canup 2015; Moraes et al. 2018), or in the inner portion
of the disk (Mosqueira and Estrada 2003; Batygin and Morbidelli 2020). Likewise, the ex-
tent to which the circumjovian thermal environment dictated the progression from rocky to
ice–rock Galilean moons remains a subject of debate. Different primary drivers for the ther-
mal gradient are possible. The temperature gradient of the circumplanetary disk may have
induced partial devolatilization of the satellite’s building blocks (Canup and Ward 2002),
whereas accretional heating may have led to hydrodynamic escape of a primary ocean
(Bierson and Nimmo 2020), or both may have occurred. Alternatively, the ice-to-rock ra-
tio in Europa could simply result from its accretion from hydrated carbonaceous chondritic
materials that were heavily modified by subsequent radiogenic and tidal heating (Melwani
Daswani et al. 2021; Mousis et al. 2023). The variety of different circumplanetary disk envi-
ronments envisioned in different models is reviewed by McKinnon (2023). In any case, the
amount and distribution of accretional heating depended sensitively on the size distribution
of the satellitesimals (the satellite-building equivalent of planetesimals), the duration and
intensity of accretional and subsequent bombardment, and the presence or absence of a pri-
mordial or accretionally-induced gaseous envelope around the growing bodies (e.g., Lunine
and Stevenson 1982; McKinnon and Zolensky 2003; Bierson and Nimmo 2020).

By constraining the internal density and thermal state, Europa Clipper will provide clues
to Europa’s origin and thermal evolution. Following an early phase of internal differentiation
via separation of an ice shell from a rocky mantle that might have been partially hydrated,
Europa’s long-term internal evolution was driven by long-lived radioisotope decay heat and
tidal dissipation. These sources could drive thermal metamorphism of the rocky mantle (e.g.,
dehydration, decarboxylation) and partial melting of the silicates, leading to the separation
of a metallic core (Greeley et al. 2004; Melwani Daswani et al. 2021; Trinh et al. 2023).
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The extent and nature of the latter is unknown, but refining Europa’s moment of inertia with
the Europa Clipper G/RS experiment will help narrow down the range of possible internal
structures. Europa Clipper will infer the internal mass distribution of Europa through de-
termination of the moment of inertia by measuring the degree-2 static gravity coefficients
with G/RS and the pole obliquity through analysis of G/RS data and EIS images. A knowl-
edge of pole obliquity to 0.05 arcmin would be necessary to determine the polar moment of
inertia in particular to an uncertainty of 0.004, which would be sufficient to constrain the in-
terior structure (see Mazarico et al. 2023 this collection; Roberts et al. 2023 this collection),
assuming that Europa is locked in a Cassini state, as is typical for synchronously rotating
bodies (Baland et al. 2012).

Thermal metamorphism and magmatic activity could lead to the release of fluids and
exposure of, e.g., basalts to the ocean and thus affect the ocean’s composition, redox, and
pH during one or several episodes in the course of Europa’s history (e.g., Běhounková et al.
2021; Melwani Daswani et al. 2021). Measurements of gravitational tides by the G/RS ex-
periment will recover the second-degree Love number, k2, at Europa’s orbital frequency
with ≤0.06 absolute accuracy, which will confirm the existence or absence of a subsurface
ocean. Furthermore, the ECM will characterize Europa’s magnetic induction response to
variations of Jupiter’s magnetic field in the moon’s reference frame at two frequencies with
an accuracy of ≤ ±1.5 nT, which will constrain ocean and ice shell thicknesses and ocean
conductivity. Additionally, Europa Clipper’s trajectory will provide the opportunity to de-
convolve gravity anomalies arising from density variations in the ice shell from those due
to seafloor topography. Among these, the seafloor topography will dominate the potential
field anomalies even though Europa Clipper will be further than 2000 km from this location,
enabling indications of sea floor conditions (Pauer et al. 2010; James 2016; Roberts et al.
2018).

2.3 Energy from Tidal Heating

Along with neighboring moons Io and Ganymede, Europa is engaged in an orbital config-
uration called a Laplace resonance (e.g., Peale and Lee 2002). This resonance keeps the
moons’ orbits slightly eccentric because the regular gravitational perturbations they exert on
each other counteract the dissipation of tidal energy in their interiors, which serves to reduce
their eccentricities. Tidal energy is contributed primarily by the varying gravitational force
from Jupiter as the moons move nearer and farther from their parent planet throughout their
eccentric orbits and as the position of Jupiter shifts back and forth with respect to Europa’s
tidal axis. Europa Clipper will constrain the tidal energy input, as described further below.

Constraining the temporal evolution of Europa’s orbit contributes to understanding its
current and long-term habitability. Europa has likely experienced enhanced tidal heating
throughout much, if not all, of its history (Yoder and Peale 1981; Hussmann and Spohn 2004;
Peale and Lee 2002). Also, due to their resonance, Io, Europa, and Ganymede maintain
non-zero eccentricities that vary as angular momentum is continuously transferred outward
(Lainey et al. 2009). For Europa, eccentricity could have varied by an order of magnitude
over the satellite’s lifetime and respectively affected the heat production by tides (Hussmann
and Spohn 2004; Sotin et al. 2009; Běhounková et al. 2021).

Precisely where in the interior of Europa the tidal energy is dissipated is a major open
question. The ice shell may be the primary region where eccentricity tides give rise to a
phase lag and thus to heating (Ojakangas and Stevenson 1989), but some dissipation also
occurs in the core, mantle, and ocean (Sotin et al. 2009). At Europa’s orbital frequency
and for plausible assumption with respect to ice rheology, tidal heat dissipation is expected
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to peak at a viscosity around 1014 Pa s, which is similar to the viscosity of water ice near
the melting point. This heating could provide enough energy to maintain the subsurface
ocean by creating melt (water) within the ice, which could drive exchanges of material and
heat at the ice–ocean interface. Recent 3D modeling of tides suggests that tidal heating in
the silicate interior may exceed the radiogenic heat, periodically providing enough heat to
allow silicate melting and possibly drive seafloor volcanism (Běhounková et al. 2021). This
melting in the silicate layer, along with melting in the ice, might enable the delivery of
reductants and oxidants into the ocean, respectively (e.g., Schmidt et al. 2011; Vance et al.
2016; Steinbrugge et al. 2020; Hesse et al. 2021; Fig. 8).

To constrain tidal energy contributions, the Europa Clipper mission will collect mea-
surements of gravitational tides with the G/RS investigation during the spacecraft’s close
encounters with Europa, as noted above, to recover k2, and along with measurements of
Europa’s degree-2 static gravity field, the mission will constrain Europa’s current inter-
nal structure (Gomez Casajus et al. 2021; Mazarico et al. 2023 this collection). In order
to characterize the thermal state of the ice shell, these results will be combined with in-
formation about heat flow at the surface from direct measurements by E-THEMIS, which
will map daytime and nighttime temperatures over ≥80% of the surface at a resolution of
≤25 km and with ≤2 K accuracy and precision, as well as passive radiometric measure-
ments obtained during the Juno encounter of Europa in 2022 (Zhang et al. 2023). Inferences
based on observations of geology (EIS, E-THEMIS, Europa-UVS, MASPEX, MISE, REA-
SON, and SUDA), ice shell subsurface structure (ECM, EIS, E-THEMIS, G/RS, PIMS, and
REASON), and composition (EIS, Europa-UVS, MASPEX, MISE, PIMS, REASON, and
SUDA), the Europa Clipper mission will provide further insight into the sources of tidal heat
in the interior. Also, in combination with long-term astrometry and data from the Juno and
JUICE missions, a better understanding of the current migration rate of the satellites within
the Laplace resonance can be obtained (Dirkx et al. 2017), leading to an understanding of
how tidal heat might have changed through time.

2.4 Elements for Life in Physical and Chemical Context: Is There Something to Eat?

The materials needed for life could have been accreted during Europa’s formation and pro-
duced over the history of the moon. They include compounds bearing sulfur, phosphorus,
oxygen, nitrogen, carbon, and hydrogen (SPONCH). Europa Clipper’s measurements, de-
scribed above, will return clues to the inventories of these materials and their products
through compositional imaging and mass spectrometry, and by constraining the densities
of the silicate layer and any metallic core.

The abundances and distribution of water, rocky materials, metals, and volatiles hold
clues to Europa’s formation and evolution that will be revealed by Europa Clipper mea-
surements. Based on studies of meteorites, refractory solids (rock, metals, organics; e.g.,
Zolotov and Kargel 2009) that were supplied to the CPD from which Europa accreted could
have been both carbonaceous and non-carbonaceous. Contributions of very organic rich
(cometary) materials from the outer solar system is possible as well, taking into account
interpretations of gravity and composition data for Ganymede (Néri et al. 2020) and Ceres
(Zolotov 2020). The solids that accreted to form Europa, including ices, were sourced from
heliocentric solids, with a possible contribution to the more volatile solids from direct con-
densation in the CPD, depending on its temperature and pressure history (Prinn and Fegley
1989). As Jupiter grew toward its full mass, it opened a gap in the protosolar nebula, across
which gas and coupled dust continued to flow, forming the CPD (e.g., Ayliffe and Bate 2009;
Tanigawa et al. 2012; Szulágyi et al. 2016; Schulik et al. 2020), which in turn captured larger
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heliocentric solids (planetesimals and pebbles) (e.g., Ronnet and Johansen 2020; Batygin
and Morbidelli 2020; Madeira et al. 2021; Cilibrasi et al. 2021). Solid materials thus, in
principle, could have come from both inside and outside of this “Jovian gap” (Kruijer et al.
2017; Scott et al. 2018; Desch et al. 2018). As such, we predict that Europa will contain copi-
ous biologically essential elements such as oxygen, carbon, sulfur, and phosphorus, though
not necessarily in solar amounts. As described in Sect. 3, Europa Clipper can investigate
how these elements are processed in Europa’s interior by constraining their speciation and
isotopic ratios, through measurements by MASPEX of the atmospheric and potential plume
particles including: H2, H2O2, O2, Fe2+, Fe3+, CH4, CO, CO2/HCO−

3 /CO2−
3 , NH3/NH+

4 ,
N2, NO−

2 , NO−
3 , H2S/HS−, HSO−

4 /SO2−
4 , and through measurements by SUDA of Cl−,

SO−
4 , Na+, Mg+, and K+.
As a prime example, understanding the distribution of nitrogen and nitrogen-containing

compounds will provide key constraints on Europa’s habitability because the isotopic com-
position and speciation of nitrogen provides clues to the oxidation state of the ocean. Europa
Clipper will detect nitrogen and nitrogen-containing compounds through measurements by
MASPEX of NH3/NH+

4 , N2, NO−
2 , NO−

3 and by Europa-UVS of N2. The provision and spe-
ciation of nitrogen depends on the amounts and chemistry of ice-forming solids accreted.
Among major elements relevant to biogeochemical cycles in Europa, the global nitrogen
budget is probably the least constrained at present (Zolotov and Kargel 2009). The largest
source of nitrogen might be carbonaceous matter, both volatile and refractory (e.g., Miller
et al. 2019). Direct incorporation of ammonia (NH3) and N2 might be less likely given that
Europa’s ice-poor composition is generally ascribed to warmer conditions in the CPD closer
to Jupiter and the evaporation of ices from pebbles that drift across the snow line towards
Jupiter (e.g., Canup and Ward 2002; Ronnet et al. 2017). On the other hand, some forma-
tion models for the Galilean satellites have Europa analogs forming at greater (and colder)
distances from proto-Jupiter, and migrating inward (e.g., Batygin and Morbidelli 2020). Ac-
cretional heating could also act to drive off volatile N2 and NH3, though ammonium minerals
might remain stable in the interior (Mikhail and Sverjensky 2014). Even if initially depleted
in nitrogen, there would be at least be some supplied by cometary bombardment over the
history of the Solar System (Pierazzo and Chyba 2002), which might deliver ammonia in
the form of ammonium salts (Altwegg et al. 2020).

Europa’s bulk inventory of carbon also depends on the retention of volatile CO2 or CH4

during and after formation. As mentioned, the MASPEX and Europa-UVS investigations
on Europa Clipper will characterize compounds containing carbon, including CH4 and CO.
Carbon may be retained in the rocky interior as graphite, bound organic materials, or sed-
imented organics or clathrates (Zolotov and Kargel 2009; Melwani Daswani et al. 2021).
Sulfur from Io’s volcanoes is implanted on Europa’s surface (Carlson et al. 1999b; Trumbo
et al. 2019). As in chondritic and cometary dust materials, sulfur is probably abundant in
the rocky part of Europa, even if a large fraction has partitioned into a metallic core (Vance
et al. 2014). The presence of sulfur and possible Mg-bearing compounds in endogenic sur-
face materials (Becker et al. 2024 this collection) suggests sulfate-bearing oceanic water
(Zolotov and Kargel 2009), though SO2−

4 cannot be the dominant anion in the ocean un-
less the ocean is relatively acidic. Even then, sulfate may be scavenged back into the rocky
interior if volcanic hydrothermal systems persist (Tan et al. 2021). Phosphorus might be en-
riched at the seafloor due to such processing, but the limited solubility of phosphates (e.g.,
apatite) in ostensibly non-acidic water could hinder its availability in the ocean (Pasek and
Greenberg 2012).
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2.5 Drivers of Energetic Disequilibria

Life on Earth gets its energy either through photosynthesis or by catalyzing favorable but
sluggish chemical reactions through chemosynthesis. Relative to Earth, Europa’s greater dis-
tance from the Sun, harsh radiation conditions, and low temperatures render its surface much
less likely to support photosynthesis in any familiar form. It follows then, that most discus-
sions of how Europa may support life focus on chemosynthesis (e.g., Hand et al. 2009),
which has the advantage of operating in the dark and over wide ranges of temperature and
pressure—at least on Earth—and so may be relevant to Europa’s subsurface environments.
Here we address the planetary processes that generate chemical energy sources that supports
life as we know it, and the data from Europa Clipper that will be used to test whether such
energy sources exist.

Geologically active planets can generate energetic disequilibria if their physical pro-
cesses operate to mix materials faster than chemical reactions occur. The evidence for geo-
logical activity on Europa encourages speculation that mechanisms exist to sustain such dis-
equilibria. Igneous and hydrothermal activity or rock fracturing at the ocean floor could pro-
vide sources of reductants (Vance et al. 2016; Běhounková et al. 2021), while radiolysis of
water ice and sulfur species at the surface (due to Jupiter’s intense magnetospheric radiation)
produces oxidants that could be transported into the ocean (Carlson et al. 1999a; Chyba and
Phillips 2001; Kattenhorn and Prockter 2014). Interface environments where redox species
first meet may serve as oases on Europa; examples include the ice–ocean interface (Russell
et al. 2017) and hydrothermal vents (McCollom 1999). Alternatively, thermal energy alone
can be translated to chemical energy. Reduced (e.g., H2) and oxidized (e.g., CO2) species
can coexist stably at high temperatures, i.e., a finite H2 fugacity (the non-ideal equivalent
of partial pressure) exists, but the mixture is unstable (out of thermodynamic equilibrium)
if it is cooled rapidly enough so that the high temperature state is quenched (e.g., Shock
et al. 2013). Hydrothermal fluids on Europa could support this process for compatible sets
of temperature and fluid oxidation state (Hand et al. 2009).

Endogenous radiolysis of water is another means for generating chemical disequilibria
(Bouquet et al. 2017). This phenomenon occurs where water molecules are in close prox-
imity to radionuclides such as 40K and U/Th isotopes. Endogenous radiolysis is a single
process that can produce both reduced and oxidized species. Thus, even geologically qui-
escent environments can continually (if slowly) generate sources of chemical energy. On
Europa, relevant environments for radiolysis might include brines in the ice shell and the
global ocean, if these fluids contain appreciable dissolved K, and rocks/sediments at the
ocean floor if these solids are sufficiently porous to contain water (e.g., Ray et al. 2021). Es-
timates of porosity in Europa’s seafloor suggest that radiolytic production of hydrogen might
extend to tens of km depth as compared with estimates of 5–10 km or more on Earth (see
discussions in McKinnon and Zolensky (2003), Vance et al. (2007), Bouquet et al. (2017),
and references therein). Measurements of K and 40Ar in Europa’s surface and atmosphere,
respectively, can help to constrain the distribution of K in Europa’s ice, ocean, and interior,
and the exchange paths between them. Europa Clipper can make measurements of these el-
ements in the atmosphere or a potential plume with MASPEX (40Ar) and SUDA (K+), in
any plume or cryovolcanic deposits with measurements by EIS of color center defects due
to irradiation of salts including KCl (Poston et al. 2017; Hibbitts et al. 2019), or potentially,
of chlorides by Europa-UVS (Trumbo et al. 2022).

Current estimates of the global fluxes of reductants and oxidants to Europa’s ocean—
represented by the most common ones expected, H2 and O2—span a broad range that bears
comparison to the global inventories for Earth (Fig. 8). High- and low-temperature water
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Fig. 8 Europa Clipper may reveal the oxidation state of the ocean, which determines what kind of life might
be able to exist there. Here, the modeled global fluxes O2 and H2 are inventoried on the y-axis, with the x-axis
depicting the dependence of H2 flux on the extent of heating in the silicate layer. Less tidal heating enables
deeper thermal fracturing and the potential for more H2 generated by water-rock chemistry (serpentinization).
The bounds on O2 are broad, owing both to limited constraints on the magnitude and time-dependence of
radiolysis of water at Europa’s surface, or of the efficiency of moving oxidants into the ocean. The balance
of these reductant and oxidant fluxes determines the ocean’s pH and also the available energy for metabolism
(e.g., Waite et al. 2017). Modified from Vance et al. (2016)

rock reactions might provide hydrogen rich materials in the range 108 to 1010 mol/yr. An
oxidant flux around 109 mol/yr has been suggested based on the current understanding of
oxidant implantation at the surface and the rate of overturning of the ice shell (Hand et al.
2007). The flux might be as high as 1011 mol/yr if the ice is saturated with oxidants (Green-
berg 2010).

The synthesis of multiple Europa Clipper measurements will be needed in order to reveal
sources of energy for life. Direct observations that yield abundances of solid and volatile
compounds (measurements by MISE, MASPEX, SUDA, and Europa-UVS as described in
Sect. 2.2 & 2.4 and shown in Table 1) can be interpreted using models of exogenous de-
livery, and escape from sputtering and sublimation, to assess the extent to which reactions
among those compounds have equilibrated. An example of the synthesis approach is pro-
vided by the assessment of energy availability from methanogenesis at Enceladus using data
collected by Cassini from that satellite’s south polar plume (Waite et al. 2017). For such an
investigation it is critical to measure many species with different oxidation states—e.g., H2,
H2O2, O2, Fe2+, Fe3+, CH4, CO, CO2/

−
3 /CO2−

3 , NH3/NH+
4 , N2, NO−

2 , NO−
3 , H2S/HS−,

HSO−
4 /SO2−

4 —so that the richness of reductant–oxidant combinations can be assessed as
completely as possible in terms of their ability to provide sufficient energy for life (Fig. 9;
e.g., Gaidos et al. 1999; Hand et al. 2009).

On Earth, organic compounds bearing signatures of their source regions and conditions
are transported from subsurface environments that are difficult to access directly (Shock
et al. 2019; Sephton et al. 2018). Relative abundances of organic compounds compared to
thermodynamic models serve as tracers of subsurface temperature and redox states within
various hydrothermal systems (Shock 1988, 1989, 1994; Helgeson et al. 1993; Cruse and
Seewald 2006; Proskurowski et al. 2006; Tassi et al. 2007; Lang et al. 2010; Shock et al.
2013; McDermott et al. 2015). Similar techniques could be used to constrain pressure, pH,
and other compositional variables for subsurface environments that release organic com-
pounds to more accessible sampling locations (Robinson et al. 2021).
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Europa Clipper’s two mass spectrometers will enable characterization of geochemical
processes operating beneath the surface by sampling materials lofted to the altitude of the
spacecraft either by processes occurring on the surface or through plume activity (if present).
MASPEX can identify and quantify volatile organic compounds with a large variety of
chemical functional groups, as described in Sect. 2.4 (Brockwell et al. 2016; Waite et al.
2024 this collection). SUDA expands this capability by measuring the composition of exo-
spheric grain particles (ice or non-ice) and can detect organic compounds, salts, and minerals
(Kempf et al. 2014, 2024 this collection). Also, analog studies impacting ice grains at hyper-
velocities of ∼5 km/s on targets simulating the Europa Clipper conditions for SUDA have
obtained quantitative detection limits for a wide range of amino acids and fatty acids mixed
in liquid water (Klenner et al. 2020). Both MASPEX and SUDA possess much improved
sensitivity and mass resolution (see Kempf et al. 2024 this collection; Waite et al. 2024
this collection) compared to their heritage instruments built for the Cassini mission, which
identified a diverse suite of organic compounds in the plume of Enceladus (Postberg et al.
2018a,b; Khawaja et al. 2019). MASPEX will characterize Europa’s atmosphere sufficient to
identify the global distribution of major volatiles and resolve key organic compounds, their
sources, and their relative abundances where volume mixing ratios exceed 1.7 × 10−4. The
organic inventory detectable at Europa’s surface—either by mass spectrometers or spectral
imagers—may provide a similarly rich data set that can be more comprehensively character-
ized and used to constrain the geochemical processes and fluxes of materials into/out from
Europa’s subsurface. For example, the Cassini Visual and Infrared Mapping Spectrometer
(VIMS) mapped cycloalkanes, olefinic compounds, CH3OH, and polycyclic aromatic hy-
drocarbons on Iapetus. The hemispheric asymmetry of these materials plausibly indicated
deposition of pristine organic-rich dusts from the region beyond Neptune where Phoebe pre-
sumably originated (Cruikshank et al. 2014). Putting all of this information together with the
physical context of material cycling will provide a picture of allowed metabolic processes
allowed by inferred redox potentials, such as those pictured in Fig. 9. In this illustration,
two photosynthetic processes used by complex eukaryotes are pictured. While photosynthe-
sis and eukaryotes are not predicted at Europa, these metabolic processes demonstrate how
complex molecules (P870 and P680) that facilitate metabolism might serve as biosignatures
if found in the context of appropriate redox potentials.

2.6 Habitability Through Time

The Europa Clipper mission may provide information on how energy sources and chemical
inventories have changed through time, reflecting changes in parameters that affect hab-
itability. Geologically slower changes in parameters affecting Europa’s habitability might
cause adaptation of possible organisms, similar to life evolving to adapt to changing condi-
tions on Earth (e.g., Dietrich et al. 2006). In turn, these changes stem from the geochemical
evolution of Europa’s interior, affected by its thermal and orbital evolution (e.g., Zolotov
and Kargel 2009; Hand et al. 2009; Vance et al. 2016; Běhounková et al. 2021; Melwani
Daswani et al. 2021; Fig. 10). On geological timescales of millions of years, global hab-
itability is affected by changes in the intensity and distribution of tidal dissipation and ra-
diogenic heating, which in turn affect the thicknesses and dynamics of the ice shell and the
ocean layer, potential magmatic and hydrothermal activity in the vicinity of oceanic floor,
the ocean’s composition, and chemical sources of energy for metabolism.

On the time scale of the current surface age (∼100 Myr; Bierhaus et al. 2009), the ocean’s
pH might have changed due to increasing salinity as the ice thickened; that is, if it thick-
ened, which is the leading geological interpretation at present (e.g., Greeley et al. 2004).
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Fig. 9 The relative energy
available from different
metabolic reactions can be
constrained by the overall Europa
Clipper investigation. The
available energy is determined by
the chemical disequilibria of
materials provided by geological
processes. In this figure, reactions
of common inorganic substrates
are plotted according to their
redox potential at 1 atm, pH = 7,
and 25 °C (i.e., neutral water at
standard conditions). Only redox
reaction pairs with a negative net
redox potential can provide
energy; oxygenic photosynthesis,
as on Earth, requires energy
(sunlight). The arrows indicate
three metabolic reactions, two of
which are photosynthetic
processes facilitated by complex
biomolecules that are not known
to exist on Europa. By gathering
an inventory of the simpler
inorganic materials and
constraining their fluxes in
Europa’s ocean, ice, and seafloor,
the Europa Clipper mission can
assess the pathways that might be
available for life. More complex
biomolecules involved in
metabolism, such as the
photosystem complexes indicated
here (P870 and P680), if
detected, might be interpreted as
biosignatures if the simpler
substrates they mediate were also
found. From Gaidos et al. (1999).
Reproduced with permission
from AAAS

The changing ocean composition would have influenced the potential for metabolic reac-
tions (Hand et al. 2009). In deeper, possibly convecting parts of the icy shell, changing
temperature, pressure, and brine content affect habitability at a local scale. Rapid geologic
changes affecting habitability might have been caused by infrequent large impacts (Zahnle
et al. 2003) that penetrated (Cox and Bauer 2015) or partially exposed the deeper icy shell
(Carnahan et al. 2022), and by cooling and tidally driven fracturing of the shell causing
upwelling of oceanic water forming dikes and possibly surface ridges (Craft et al. 2016;
Buffo et al. 2020). In both of these example processes, low-pressure water boiling leads to
degassing and freezing that affect the pH, salinity, and composition of oceanic water. Fast
changes might also occur from the formation of lenses or other bodies of water within the
shell, followed by freezing (Schmidt et al. 2011; Manga and Michaut 2017; Chivers et al.
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Fig. 10 The composition of Europa’s ocean is a record of how Europa evolved. In some scenarios, an ini-
tially H2-rich ocean would have become more oxidizing over time due to the influence of radiolytically pro-
duced oxidants from the surface and/or H2 escape to space. Some models (upper left; modified from Zolotov
2008; T = 0 °C, P = 0.1375 GPa, water/rock ratio (W/R) = 1 by mass, 10% of reacted C in carbonaceous
chondrites) predict that decreasing f H2 might have driven the ocean composition from one dominated by
chlorides to one dominated by sulfates (for log f H2 < −9). Alternatively (upper right; also from Zolotov
2008; T = 0 °C, P = 0.1375 GPa, W/R = 1, log f H2 = −10), if the ocean retained significant abundances
of inorganic carbon species, concentrations of sulfate ions are compatible with those of chlorides. Another
model (bottom; from Melwani Daswani et al. 2021. Adopted with permission from John Wiley and Sons.),
that also considered the retention of CO2 (here, nominal pH of 5.5, in equilibrium with a CM chondrite com-
position) shows the effects of varying solubility of ions with depth. Differences between the ion abundances
are attributed to different input mineral compositions

2021). Europa Clipper’s high-resolution imaging by the EIS investigation will reveal the
details of such possible cryovolcanic processes, and EIS global mapping will improve our
understanding of the influence of impacts (see Turtle et al. and Daubar et al. 2024 this col-
lection). Compositional measurements (MISE, Europa-UVS, SUDA, MASPEX) and radar
sounding by REASON covering overlapping spatial regions will make it possible to infer
the chemical consequences of such cataclysms.

An episode of flood silicate or non-silicate (e.g., sulfurous or organic) volcanism at the
ocean floor would affect physical and chemical processes at the ocean floor, oceanic acid–
base and redox conditions, organic and inorganic inventories, and chemical sources of en-
ergy for metabolism. The Europa Clipper G/RS investigation will make observations of
gravity anomalies arising from density variations within Europa, as well as detect line-
of-sight residuals from local to regional scale features within the ice shell and on the
seafloor. Comparison to geologic features, near-surface radar detections from the shell, and
crossovers sensing the same gravity anomalies but from different altitudes could help dis-
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tinguish anomalies arising from the shell from those at the sea floor. In particular, the sizes
of the seafloor anomalies might be used to constrain the thermal state of the silicate interior,
with implications for the habitability of the sea floor (Pauer et al. 2010; James 2016; Roberts
et al. 2018; Koh et al. 2022; Mazarico et al. 2023 this collection).

Europa’s icy surface contains the most accessible record of clues to any changes in its
habitability over the past ∼100 Myr. Stratigraphic analyses based on Galileo imaging data
indicate that extensive ridge plains are the oldest features, whereas chaos terrains appeared
most recently (Figueredo and Greeley 2004; Leonard et al. 2018). Geological mapping based
on imaging (EIS, E-THEMIS), coupled with G/RS gravity measurements and REASON
radar observations of the subsurface density contrasts in the ice shell, which can indicate
impurities (salts, brines) and/or liquid water pockets, is expected to yield a more compre-
hensive assessment of the timeline of geological processes and their mechanisms (Daubar
et al. 2024 this collection). For example, whether chaotic terrains and potential brine rich
intra-ice melts are relatively recent, or occurred for much of Europa’s geologic past, may be
determined through REASON radar observations searching for liquid water lenses or lay-
ers of salts formed as these lenses freeze out (Chivers et al. 2021). Observations by MISE,
EIS, Europa-UVS, SUDA, and MASPEX are expected to reveal the associated composi-
tions of the surface materials, including the diagenesis due to internal melt fractionation and
subsequent alteration by radiation and micrometeorites.

Temporal changes in the composition of surface endogenic materials (e.g., salts) should
inform about compositional changes in the icy shell and/or in the ocean. The resulting as-
sessment of exogenic and radiolytic material delivery into the subsurface as a source of
acids, sulfates, and strong oxidants (O2, H2O2, etc.) would constrain the potential oxidant
flux to the ice shell and ocean (Hand et al. 2007). MASPEX data on 40Ar and volatile ele-
ments in plume gases, if present, and SUDA measurements of potential plume particles, of
salts, organic compounds, and minerals would constrain the timing and scale of chemical
fluxes in the mantle–ocean–ice shell system. The assessments of past ocean composition
can be benchmarked by Europa Clipper investigations with evaluations of the oceanic com-
position through sampling of plumes (if present) and fresh surface deposits, and from the
present-day electrical conductivity of the ocean (Becker et al. 2024 this collection).

3 Potentially Habitable Environments Within Europa and How Europa
Clipper Will Study Them

3.1 Within the Ice

To contain a habitable environment in its ice shell (Fig. 4, middle right), Europa must trans-
port surface materials (that contain radiologically produced oxidants) downward into the
ice shell and also upwards from within the ocean (with theorized hydrothermally produced
reductants; Fig. 4, left, and lower right). Europa’s surface records many distinct resurfacing
processes that occurred over the last 100 Myr (Bierhaus et al. 2009) that may have enabled
surface-subsurface mixing. This young surface age suggests that the ice may have been
active and constantly resurfacing over its lifetime, albeit with evolving geological styles
(Doggett et al. 2009). Alternatively, a catastrophic event, causing overturning of the ice
shell may have occurred sometime around 100 Myr ago (Pappalardo et al. 1999), implying
a large flux of oxidized materials into the ocean. If overturning is regional or more sporadic,
involving surface materials much older than 100 Myr (e.g., Bierhaus et al. 2009; Howell and
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Pappalardo 2019), the delivery of materials into the ocean may be more limited (e.g., Rus-
sell et al. 2017). Observations of the geology, composition, and searches for current activity
across the Europa Clipper investigations will provide further constraints on the surface age
on the global- (∼100 s m pixel scale) down to local scales (<1 m pixel scale).

Activity within the ice shell will also contribute to the potential for habitable environ-
ments there. The thickness of Europa’s ice shell both results from, and is a function of, its
thermal structure (e.g., McKinnon 1999; Barr and Showman 2009). An imbalance between
heat generation and transport can result in changes to the thickness of the ice shell, while the
onset or slowing of solid-state convection can also modulate the ice’s thickness (e.g., Mitri
and Showman 2005). Convection may also promote material exchange across the ice shell
(e.g., Allu Peddinti and McNamara 2015). If the thickness of Europa’s ice shell is greater
than 10 km, as suggested by modeling (e.g., Pappalardo et al. 1998; Quick and Marsh 2015;
Howell 2021), the interior of the ice may be undergoing solid-state convection (McKinnon
1999; Sotin et al. 2002; Howell et al. 2021). In this case, stress and rheological conditions
in the ice shell may inhibit transport of water from the ocean directly to the surface (e.g.,
Crawford and Stevenson 1988; Manga and Wang 2007; Kattenhorn and Prockter 2014), al-
though many inter-shell transport processes have been hypothesized (Daubar et al. 2024 this
collection).

Dissolved ions from the ocean have been assumed to enter the bottom 10% of the ice
(e.g., Marion et al. 2003, 2005; Vance et al. 2019; Soderlund 2019; Soderlund et al. 2020)
and any freezing of the ocean could entrain oceanic materials into the ice (Soderlund et al.
2014; Buffo et al. 2020, 2021; Wolfenbarger et al. 2022a). This deeper ice shell or oceanic
material may be delivered upwards, to shallower depths and possibly to Europa’s surface
through the formation of band structures (e.g., Howell and Pappalardo 2019), fluid-filled
fractures (e.g., Craft et al. 2016; Buffo et al. 2020), chaos terrains (e.g., Sotin and Tobie
2004; Schmidt et al. 2011), and/or injected sills (e.g., Michaut and Manga 2014; Chivers
et al. 2021; Culberg et al. 2022). Effusive eruptions to the surface may also occur when ex-
cess pressures, created by the gradual freezing of mid-shell liquid reservoirs, or by tidal
stresses acting on these reservoirs create fractures through which fluid is subsequently
pushed to the surface (Pappalardo et al. 1999; Fagents et al. 2000; Fagents 2003; Sparks
et al. 2017; Quick et al. 2017, 2022; Lesage et al. 2020a,b; Steinbrugge et al. 2020; Chivers
et al. 2021). For downward transport of material, geological processes in the ice that may
entrain oxidants into the interior include: in situ melting of the brittle lid (e.g., Schmidt et al.
2011); subsumption of the crust (Kattenhorn and Prockter 2014); deep impact melting (Car-
nahan et al. 2022); and brine percolation delivering shallow brines (Kalousová et al. 2014) or
surficial oxidants (Hesse et al. 2021). Europa Clipper investigations, namely EIS, REASON,
ECM, PIMS, G/RS, MASPEX, MISE, SUDA, and E-THEMIS will further characterize the
structure of Europa’s ice shell across at least 60% of the body, providing indications of over-
turn and/or transport processes that could enable habitable subsurface environments in the
ice shell and/or ocean.

Material exchange within Europa’s ice shell could produce reservoirs of liquid water
with the conditions for supporting life. Owing to their elevated temperatures relative to the
surrounding ice, rising diapirs may create habitable melt regions in the ice shell as they
intrude into the brittle lithosphere, warming it above one or more eutectic temperatures
(depending on the salts present in the shell), and possibly even merging to create warm
chaos regions (Ruiz et al. 2007; Schmidt et al. 2011; Michaut and Manga 2014; Singer
et al. 2021). Near-surface liquid reservoirs might also be generated through the injection of
water from the ocean below as dikes (e.g., Craft et al. 2016; Buffo et al. 2020) or sills (e.g.,
Michaut and Manga 2014; Chivers et al. 2021; Culberg et al. 2022). The thermal evolution
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of such reservoirs would control their longevity. If these reservoirs contain freezing point
depressants such as salts or mineral acids (Bonales et al. 2013; Muñoz-Iglesias et al. 2013;
Quick and Marsh 2016; Lesage et al. 2020a,b, 2021), they could remain liquid for >103

years (Schmidt et al. 2011; Quick et al. 2022; Chivers et al. 2021) and might therefore
become perched habitable regions within the ice. As specified in Table 1, REASON, E-
THEMIS, and EIS will contribute to “mapping the vertical subsurface structure in regions
of potential surface-ice-ocean exchange to >3 km depth along globally distributed ground
tracks,” and so will improve our understanding if these liquid pockets exist and if they may
indeed be formed and supported by the conditions that would make them habitable.

Smaller-scale, potentially habitable regions include mL-volume brine pockets akin to
those found in terrestrial sea ice (Boetius et al. 2015; Deming et al. 2017; Buffo et al. 2020,
2021; Wolfenbarger et al. 2022b) or in temperate meteoric (glacial) ice, µL-volume liq-
uid inclusions between grains, or in liquid films at the surfaces of entrained mineral grains
(Priscu and Christner 2004; Price 2007). On Earth, these habitats may be able to support
life on 100,000-year timescales (Price 2000). Such brine pockets in Europa’s ice might also
provide chemical energy and nutrients, just as in terrestrial subglacial habitats where sun-
light cannot penetrate the ice (Boetius et al. 2015). Near the ice–ocean interface, nutrient
exchange in the ice is coupled to the brine volume, which governs the permeability of ice
(Arrigo 2014). Also, platelet ice on Earth is thought to exchange interstitial seawater during
tidal cycles (Arrigo et al. 1995). On this basis, regions of the ice shell where more rapidly
accreted frazil ice—loose, randomly oriented, plate or discoid ice crystals formed in super-
cooled turbulent water—may have more favorable habitats than those where slower accret-
ing congelation ice forms (Wolfenbarger et al. 2022a). Europa Clipper will employ radar
probing of the subsurface with the REASON investigation to identify brine in the ice. The
presence of brine could manifest as reflections from the subsurface (if detectable) or highly
attenuating regions in the ice (Blankenship et al. 2024 this collection). Surface imaging and
compositional measurements by EIS, Europa-UVS, MISE, MASPEX, and SUDA can then
place these highly radar-attenuating regions in the context of thermal anomalies, chaotic ter-
rains, compositional markers, and/or other geologic features consistent with melting (e.g.,
pits, domes and micro-chaos; Singer et al. 2021). The complex dielectric responses of intra-
ice brines should provide clues to their composition that are important for understanding the
habitability of brine pockets.

The composition of water within the ice shell will determine whether life might be vi-
able in pockets of fluid within the ice. The salinity, size, and composition of brine pockets
evolves as temperature decreases (e.g., Wolfenbarger et al. 2022b). As liquid progressively
freezes, rejecting salts from the ice and concentrating them in the residual brine (as on
Earth, e.g., Petrich and Eicken 2017), salt minerals will start to precipitate, altering (frac-
tionating) the composition of the brine (i.e., the relative concentration of dissolved ions)
and the precipitating salts (Zolotov and Shock 2001, 2004; Marion et al. 2005; Vance et al.
2019; Wolfenbarger et al. 2022b; Chivers et al. 2021). These effects likely cause a gradient
in brine chemistry from the ice–ocean interface to the ice shell interior. Near the surface,
material exchange might occur via entrainment of both endogenous salts and acids formed
or altered by radiolysis (Carlson et al. 2009; Hand et al. 2009) and silicate materials and salts
implanted or derived from Io (Postberg et al. 2006; Alvarellos et al. 2008). Nutrient delivery
into the ice from the ocean might occur where the ice shell is permeable and tides drive
fluids into and out of the ice, or depend on melting and freezing cycles. Based on studies
of sea ice, the permeability of Europa’s ice might be negligible below a critical porosity of
5% (Golden et al. 1998, 2007). As shown in Table 1, REASON, E-THEMIS, and EIS will
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contribute to “mapping the vertical subsurface structure in regions of potential surface-ice-
ocean exchange to >3 km depth along globally distributed ground tracks” to inform us on
whether these potentially habitable water pockets exist and what conditions they create.

Previous measurements of surface composition have shown that Europa’s icy surface
contains salts, acids, and hydrogen peroxide (McCord et al. 1998a,b; Carlson et al. 1999a,b),
which might suggest limited habitability in regions where salt becomes too concentrated.
A brine that becomes progressively enriched in divalent cations (e.g., Mg2+) as it freezes
will become increasingly chaotropic—disruptive to hydrogen bonds—and thus destabiliz-
ing to life within these potential habitats (Hallsworth et al. 2007; Oren 2013). When multiply
charged divalent or multivalent ions dominate, such high ionic concentration is a challenge
to the habitability of the environment, even in the presence of otherwise sufficient water
activity (Fox-Powell et al. 2016). In the case of monovalent salts (e.g., NaCl), on the other
hand, even saturated environments have been found to be moderately habitable (Lee et al.
2018). Europa Clipper will make observations of surface composition, including salts, to
shed light on the materials’ origins and processing to constrain what may exist at the sub-
surface. As described in Table 1, EIS NAC and WAC, Europa-UVS, MASPEX, MISE, and
SUDA will make a compositional map of more than 60% of Europa’s surface at ≤10 km
spatial scale and EIS NAC and WAC, Europa-UVS, MASPEX, MISE, REASON VHF and
HF and SUDA will collectively observe the composition of Europa’s surface at selective
regions at a finer (≤300 m) spatial scale to identify non-ice materials.

Life on Earth shows a robust ability to adapt to saline environments—limits on the habit-
ability of hypersaline brine environments continue to be challenged by the discovery of life
in environments which are otherwise deemed uninhabitable (e.g., Cubillos et al. 2019). For
instance, within sea ice environments, many microbes produce and exude molecules that ei-
ther reduce brine drainage from the pore spaces, increasing the pore space salinity (Krembs
et al. 2011), or help said microbes to adhere to surfaces and survive adverse conditions (Poli
et al. 2010). Cold, saline conditions in sea ice pores impose selection pressures that cause
long-lived, isolated communities within the pores to specialize and reduce their biodiversity,
even while those communities become more biologically productive (Cooper et al. 2019).
Similar processes may operate in pore fluids within Europa’s ice shell. Therefore, while
measurements by Europa Clipper investigations will possibly detect whether water pockets
exist within the ice shell and place constraints on their thermal conditions and compositional
make-up (see previous paragraphs describing investigation measurement details), the habit-
ability of those environments will only be constrained by our current understanding of life
as we know it and the likelihood that life may be capable of survival there.

3.2 Within the Ocean

The habitability of Europa’s ocean is determined by its chemical and physical evolution
through time. The composition of oceanic water affects the pH, redox state, redox dise-
quilibria, water activity, ionic strength, and some physical properties of the ocean. In turn,
the ocean composition holds clues about the ocean’s origin and evolution, ongoing exchange
processes in the ice–ocean–rock/sediment system, and chemical reactions in the ocean and at
the water–rock interface. The ocean’s temperature, pressure, and density are also key physi-
cal parameters. As well, tidal and radiogenic heating, heat transfer, the dynamics of aqueous
and solid phases (ices and rocks), and radiation are physical processes affecting habitabil-
ity in Europa’s ocean. Nothing about the known or estimated properties of Europa’s ocean
(temperature, pressure, salinity, pH) preclude the possibility of Earth-like microscopic life
(Hand et al. 2009).
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Although the Europa Clipper investigations will not probe the ocean directly, these pa-
rameters will be constrained by the planned in situ and remote measurements (illustrated in
very general terms in Fig. 11). In situ measurements will be made of gasses, ions, grains,
and electromagnetic properties in atmospheric and possible plume materials by ECM, PIMS,
MASPEX, and SUDA; and by remote measurements of optical, RF, gravitational, and ther-
mal properties of surface and subsurface materials by E-THEMIS, EIS, REASON, G/RS,
MISE, and Europa-UVS. Table 1, descriptions in Sect. 1, and the following discussion pro-
vide details on the measurements by the investigations to obtain further information on the
composition and activity at Europa that can shed light on the composition of the ocean.

The habitability of Europa’s ocean will depend on the degree to which, and frequency
with which, the ocean water cycles through the mantle and crust at the ocean floor and within
the ice in the icy shell (Hand et al. 2009). As the present paper has emphasized repeatedly,
fluid cycling through the ocean floor potentially yields solutions rich in reductants — pro-
vided the interior geology of Europa continues to supply freshly exposed mantle rocks, or
volcanic products derived from partial melting of such mantle rocks, which can react with
ocean water. And cycling within the icy shell almost certainly introduces abundant oxidants,
which are produced radiolytically at the surface (as seen today), into the ocean. Both oxi-
dants and reductants are needed to power life (e.g., Fig. 9). Hand et al. further state “Based
on the need for energy, liquid water, and a suite of biologically essential elements, the prime
habitats for life on Europa (were life to exist) are likely to be at the seafloor–ocean interface
and at the ice–ocean interface. Here chemical energy and useful compounds and elements
may combine with liquid water to provide the conditions needed for life.” That said, this
does not mean that the bulk of the ocean in between is necessarily a biological (or habitabil-
ity) desert, but a well-mixed ocean will not possess the type of gradients that characterize the
“prime habitat” interfaces above, either on Europa or on Earth (i.e., seafloor and surface).

The degree to which Europa Clipper can determine the oxidation state of the bulk ocean
will be critical. That is, will the ocean turn out to be highly reduced, dominated by the
flux of reductants produced by hydrothermal activity (and alteration of mafic and ultramafic
minerals), or highly oxidized, overwhelmed by the flux of H2O2, O2, and sulfate from the
surface? Neither of these scenarios are ideal for habitability, although in the reduced case,
methanogenesis is still possible (utilizing volcanic CO2; McCollom 1999). At least theo-
retically, both oxidants and reductants can be produced radiolytically at Europa’s surface
(Chyba and Phillips 2001) and in pore fluids in the rocky crust (Bouquet et al. 2017). But
something more intermediate would not only be more habitable, but possibly could impli-
cate mediation by biology. The speciation of nitrogen in the ocean, whether highly reduced
(ammonia and ammonium), highly oxidized (nitrate and nitrite), or more intermediate (ni-
trate and organic compounds), would be telling (Hand et al. 2009). No confirmed detection
of nitrogen on Europa’s surface has been made as of this writing (e.g., Carlson et al. 2009),
but the suite of compositional measurements by Europa Clipper, of both geologically recent
surface materials, and of possible plume materials, holds great promise in this regard, and
others, as amplified below.

As an example of combining measurements to constrain the ocean composition, the Eu-
ropa Clipper will map the distribution of oxidizing compounds on the surface through re-
mote sensing by MISE in the infrared wavelength range and Europa-UVS in the ultraviolet
wavelength range (of the surface and atmospheric particles) alongside in situ measurements
of sputtered and potential plume material by ECM, PIMS, SUDA, and MASPEX. When
taken in context with constraints on the extent of overturning or other renewal of the ice ob-
tained through observations by EIS, REASON, and E-THEMIS investigations, the measure-
ments will inform on the chemical makeup of the subsurface ocean. Over Europa’s history,



Investigating Europa’s Habitability with the Europa Clipper Page 27 of 44 81

Fig. 11 A subset of habitability
parameters in the ocean that may
be inferred from the synthesis of
Europa Clipper measurements.
The arrows show the directions
of data flow to constrain the
parameters. For example, ECM,
E-THEMIS, and REASON will
contribute measurements that
will constrain the temperature of
the ocean by measuring the
temperature-dependent electrical
conductivity of the ocean, and by
constraining the composition and
thickness of the ice, and thus the
temperature at the ice-ocean
interface

if large fluxes of oxidizing materials from the ice migrated into the ocean, the ocean’s pH
would potentially be at acidic levels only amenable to extremophiles (Pasek and Greenberg
2012). If the ocean acidity reached pH < 6, hydrothermal activity might have sequestered
sulfate into seafloor minerals (Tan et al. 2021), so Europa Clipper measurements indicating
an acidic ocean relatively free of sulfates might argue for past hydrothermal activity. Con-
versely, hydrothermal activity may buffer the ocean pH toward more neutral or even alkaline
values, as on the Earth and Enceladus (Zolotov and Shock 2001; cf. Fifer et al. 2022). Fig-
ure 11 outlines how key habitability parameters in the ocean are expected to be constrained
from Europa Clipper measurements.

The abundances of major ions (e.g., Cl−, SO2−
4 , Na+, Mg2+), neutral solutes (e.g., CH4,

CO2, H2, Ar, SiO2), and organic compounds in oceanic water—the ocean’s composition—
could be inferred from the composition of surface and sputtered materials (MISE, Europa-
UVS, EIS, SUDA, MASPEX)—accounting for fractionation processes occurring within the
ice shell and during the sputtering process—and from any plume gasses and grains if pu-
tative ocean-sourced plumes are sampled by SUDA, MASPEX and Europa-UVS. Surface
materials include fresh plume deposits, if present, other endogenic material emplaced by
geological processes, e.g., ridges, (spreading) bands or chaos, and exogenic particles such
as micrometeorites and sulfur particles from Io. The amounts of surface salts indicated by
reflectance spectroscopy could imply a very salty ocean. However, it seems more likely
that surface processes have concentrated the salt, and interpretations of Galileo magnetic
induction measurements suggest the ocean salinity is not saturated (Hand and Chyba 2007).
Europa Clipper measurements will further constrain the origin and processing (e.g., by irra-
diation or geologic activity) of detected salts and their types and abundances.

The fractionation of Europa’s endogenic materials by geological processing in the icy
lithosphere must be carefully assessed, which is one reason why the investigation of Eu-
ropa’s global geology is a key part of the Europa Clipper mission (Daubar et al. 2024 this
collection). Determining which deposits are relatively recent and thus less altered by the
harsh radiation environment at the surface will require both detailed morphology and strati-
graphic analysis of the surface (EIS, REASON, and MISE), thermal signatures of recent
activity (E-THEMIS), and an overall understanding of the thickness of the ice and the de-
gree to which it is convecting (REASON, ECM, PIMS). Fractionation processes include
freezing and boiling (in vacuo), radiolytic alteration, exogenic (mainly ionian) pollution of
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the surface, and the radiolytic and chemical alteration of atmospheric species (Becker et al.
2024 this collection). Surface radiolytic products (e.g., H2SO4, O2, H–2O2, perchlorates,
irradiated salts) detected remotely (MISE, Europa-UVS, EIS color) and in situ in sputtered
grains (SUDA) and gasses (MASPEX) together with geological mapping and tectonic re-
constructions (EIS, REASON) would provide clues to the fluxes of those species to the
ocean. Inferences from any plume samples of the compositions of major ions, and data on
CO2/H2O ratios, would inform about the pH, salinity, and water activity. The importance of
salinity for habitability is discussed in detail in Sect. 1.

The abundances of major ions (MISE, SUDA) constrain the ocean’s temperature, den-
sity, and viscosity, all of which affect fluid dynamics and mass/heat diffusion in the ocean
and at the ocean–rock interface. Thermal mapping of the surface (E-THEMIS) and con-
straints on the icy shell thickness and brine occurrence within the shell (REASON, MISE,
EIS, ECM) also contribute to constraints on the oceanic temperature by providing clues to
the ocean’s salinity and to the temperature at the ice-ocean interface. Magnetometer data
that identify the amplitude and phase of electromagnetic induction from saline ocean wa-
ters (ECM, PIMS) will constrain our knowledge of the thickness and conductivity of the
ocean layer (Kivelson et al. 2000). Knowledge of the ocean’s electrical conductivity can, in
turn, provide constraints on the ocean’s salinity (Hand and Chyba 2007; Vance et al. 2021).
Global oceanic circulation might also create magnetic induction signals, but whether such
signals can be detectable by the ECM investigation is subject to further modeling (Vance
et al. 2021). Similarly, lateral circulation in the ocean might also be constrained from the
topography of the ice–ocean interface (REASON, G/RS) (Zhu et al. 2017; Lobo et al. 2021)
and/or surface topography data (EIS). Any interpretations of the ice–ocean interface would
need to be grounded in an understanding of tidal heating within the ice (REASON, G/RS,
E-THEMIS) (Ojakangas and Stevenson 1989).

The combination of measurements and inferences of ice and ocean thicknesses from
ECM, REASON, and G/RS observations, together with composition-based data on density,
will constrain the pressure profile within the ocean. Using this information, the density pro-
file of the ocean can be further refined based on knowledge of the ocean’s composition—the
salinity of the ocean determines the temperature at the ice–ocean interface and the com-
pressibility of the ocean as a function of depth. The convective adiabat of the ocean depends
on both of these properties (e.g., Vance et al. 2021), and might thus be inferred from Eu-
ropa Clipper’s combined objectives of understanding Europa’s composition, geology, and
interior. Further, interpretation of ocean circulation would be grounded in understanding the
salinity and pressure conditions of Europan seawater, and whether the anomalous thermal
expansion of water affects fluid motion and thermal transport near the ice-ocean interface
(Melosh et al. 2004; Kang et al. 2022).

3.3 At the Seafloor

In imagining the habitability of Europa’s seafloor, the analogy of microbial communities
around deep-sea hydrothermal systems on Earth is tempting (e.g., McCollom 1999). Pore
fluids could potentially support sub-seafloor microbial ecosystems within the rock, as have
been found on Earth (Huber et al. 2006; Edwards et al. 2005). However, the extent and
nature of water rock interaction depends on the changing balance of volcanic and chem-
ical alteration of the seafloor. The high pressures at the base of the ocean might squeeze
shut pathways in the rock relative to the permeabilities observed at mid-ocean-ridge depths
(∼2.5 km) in the Earth’s ocean (Klimczak et al. 2019). Conversely, cooling of Europa’s rock
under a shallower gravitational gradient could create porosity to 10 s of km depth (Vance
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et al. 2007, 2016), and this effect could vary with latitude if tidal heating in the rock is
significant (Běhounková et al. 2021). On Earth, fracture-assisted hydrothermal circulation
at mid-ocean ridges extends to depths of at least 10 km (or 300 MPa) (e.g., Solomon et al.
2003; de Martin et al. 2007), so hydrothermal circulation is plausible to depths below Eu-
ropa’s seafloor (the seafloor pressure likely doesn’t exceed 200 MPa) in excess of 25 km (cf.
Sect. 2.5).

Interactions between the ocean and seafloor depend on the geodynamical state of the
silicate interior and are thus also key for understanding Europa’s habitability (Dombard
and Sessa 2019; Běhounková et al. 2021). Fluid circulation through the seafloor and upper
mantle, either as high-temperature hydrothermal activity driven by volcanism (Bland and
Elder 2022; Lowell and DuBose 2005) or through low-temperature, exothermic hydration
of olivine and pyroxene,i.e., serpentinization, could provide energy to sustain metabolism
through the production of hydrogen, methane, and other simple organics (e.g., Vance et al.
2007, 2016).

We note that a “cold” or limited-energy evolution of Europa would mean limited fluxes
into the ocean in recent epochs of hydrogen-rich materials from either low- or high-
temperature hydrothermal activity. If interior temperatures never exceeded the dehydration
temperature of serpentine-group minerals (800–1000 K at Europa mantle pressures; e.g.,
Bose and Navrotsky 1998), then low temperature hydration of rock by serpentinization may
have run to completion (Vance et al. 2016). However, the current understanding of Europa’s
rocky interior (Becker et al. 2024 this collection; Roberts et al. 2023 this collection; Greeley
et al. 2004; Schubert et al. 2009) strongly suggests that it was heated enough in its history,
through radiogenic and accretional heating alone (Fig. 12). The sum of heat sources plausi-
bly would have been sufficient to release bound water and thus for renewed serpentinization
(retrograde metamorphism) to continue to be an important process as a complement to vol-
canic activity, possibly to the present day.

The extent and duration of any volcanic activity is also still an open question. Contempo-
rary volcanism from tidal heating could be limited, for example if radiogenic material par-
titioned into a silicate crust in an earlier episode of heating (Moore and Hussmann 2009),
which could limit the ability of the crust to subsequently heat and tidally deform. But a
warm silicate interior cannot be excluded based on current knowledge, and could be pro-
ducing several TW of heat. Běhounková et al. (2021) show that mantle tidal dissipation
could be a substantial source of internal heating during periods of enhanced eccentricity. If
the crust and upper mantle was heated sufficiently, then chemical alteration of the upper 10 s
of km of crust and mantle will affect the ion and volatile speciation of hydrothermal fluids
relative to the input fluids from the overlying ocean. This chemical imprint may be present
in materials analyzed by the Europa Clipper mission. On Earth, the effect of this alteration
depends on the residence time of the fluids in oceanic crust, the temperature, pressure, and
the corresponding rates of the water-rock reactions (Fisher and Wheat 2011). These quali-
ties in turn depend on the composition and permeability of the rocks (e.g., Vance et al. 2007;
Glein and Waite 2020; Melwani Daswani et al. 2021). The extent of alteration is likely also
affected by the composition of the ocean and pore fluids. The pH and salinity of the liquid
will affect speciation and dissolution of mantle rock (Zolotov and Shock 2004) as well as
the rates of water-rock interaction (Lamadrid et al. 2017).

To constrain the seafloor activity and understand its contribution to habitability, the Eu-
ropa Clipper science team will need to combine the measurements from all its investigations.
In addition to the investigations of the internal thermophysical structure and composition by
G/RS, REASON, ECM, and PIMS, sampling of Europa’s surface materials could provide
clues to the composition of suboceanic rocks and sediments as well as water-solid reactions
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Fig. 12 Top: Bulk accretion temperatures vs object radius, after McKinnon and Zolensky (2003). For a re-
tention factor of h = 0.4 (which depends on accretion rate and planetesimal size), Europa’s temperature
exceeds the dehydration temperature of serpentine minerals (800 K). Bottom: Predicted mantle tempera-
tures in Europa at 2.1 and 4.2 Gyr after accretion, including tides. From Běhounková et al. (2021). Adopted
with permission from John Wiley and Sons; blue: minimum, red: maximum, black: average, green: solidus
temperature)

at the ocean floor. Sampling 40Ar and 4He (MASPEX) would constrain the rock types, in-
tensity of water-rock interactions, and the extent of radioactive decay of K, U, and Th that
affects radiolysis of water and its possible impact on the redox state of oceanic water (e.g.,
Bouquet et al. 2017). Detecting sulfates, organic compounds, and H2 could suggest available
energy sources for sulfate-reducing organisms, while detecting H2 together with inorganic
C species (carbonates, CO2) could indicate an energy source for methanogens (McCollom
1999; Zolotov and Shock 2004; Barge and White 2017) or methanotrophs (White et al.
2020). Some of these volatile species (e.g., CO2, CH4, NH3, H2) of seafloor/oceanic origin
could be trapped in the ice shell and some be incorporated, and even brought to the sur-
face, as clathrates (Hand et al. 2007; Bouquet et al. 2019). Europa Clipper can assess the
inventory of ice bound clathrates through combined composition investigations of surface
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and any plume materials (MISE, Europa-UVS, SUDA, MASPEX), coupled with geological
investigations (EIS, MISE, E-THEMIS, REASON) to assess any influence of clathrates on
the mechanical properties of the ice.

4 Europa Clipper as a Precursor for a Future Landed Mission

While the search for life will likely require access to Europa’s subsurface, a lander or similar
in situ mission will be the next logical step in the exploration of this ocean world (Phillips
et al. 2021). A landed mission could provide ground-truth for Europa Clipper’s remote sens-
ing observations, as well as detailed measurements to address key questions relating to the
physical and chemical processes that have shaped Europa through time, its present-day state,
the ability to host current or past habitable environments, and the potential for the emergence
of life on Europa. Irrespective of whether the next mission to Europa follows the Europa
Lander mission concept framework of Hand et al. (2022), a landed mission to Europa will
benefit enormously from the data collected by Europa Clipper (Hand et al. 2020). In partic-
ular, the collection of reconnaissance data will be important for identifying potential landing
sites that satisfy criteria for both science value (e.g., show evidence of recent activity and
materials sourced from the subsurface for interrogations of biosignatures and habitability)
and where it is safe to land with extant technologies (Sect. 5 of Daubar et al. 2024 this
collection; Phillips et al. 2021).

The careful design of the Europa Clipper spacecraft and science operations enables ob-
servations of the surface concurrently and/or for overlapping spatial regions and associated
atmospheric and space environments. Therefore, measurements by the remote sensing in-
vestigations at high resolutions can be correlated with those by the in situ investigations,
providing a full picture of the potential for scientific discovery, as well as mapping for ter-
rain relative navigation and the presence or lack of hazards in different regions for a landed
mission. Of particular interest for the terrain relative navigation are the stereo visual images
that will be obtained by EIS WAC (≤22 m pixel scale) for solar incidence angles between
30 and 60 degrees over at least 40, 2 km × 4 km-sized regions. EIS NAC data will provide
information on surface hazards larger than 2–3 m diameter. A potential extended Clipper
mission would also provide opportunities for targeted, follow-on observations to further ad-
vance science value and landing safety assessments of potential landing sites, and re-observe
discoveries from the prime mission that could add potential landing sites. Furthermore, be-
cause a landed mission would provide ground-truth for Europa Clipper’s gamut of remote
sensing observations, these could then be used more confidently for reconnaissance on fu-
ture orbiter missions.

Europa Clipper will be the first NASA mission to follow the ocean world exploration
pathway outlined in the NASA Roadmap to Ocean Worlds (Hendrix et al. 2019), while
also addressing the many ocean-worlds objectives in the 2023–2032 Planetary Science and
Astrobiology Decadal Survey (National Academies 2022). The roadmap notes that Europa
Clipper will close the remaining gaps related to understanding the energy balance of the
moon and whether it possessed the physio-chemical conditions for life, paving the way
for in situ exploration by a landed mission (Phillips et al. 2021). The NASA Astrobiology
Program’s Research Coordination Network for Ocean Worlds similarly proposes that a sur-
face landed mission is the next compelling step in exploring this ocean world, emphasizing
the key habitability and contextual science that such a mission might return (Howell and
Pappalardo 2020). Additionally, Europa Clipper and potential follow-on missions feed for-
ward into future studies of the comparative planetology of other ocean worlds such as Titan,
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Enceladus, and possibly Triton, to help us understand what factors lead to the diversity of
planetary bodies we see today. Following Europa Clipper’s overarching goal, what we learn
at Europa will aid in constraining which other confirmed and potential ocean worlds are
most likely to host current habitable (if not inhabited) environments.

5 Conclusion

NASA’s Europa Clipper mission is the first mission designed to investigate the habitability
of an icy world, building on lessons from previous missions exploring the outer Solar Sys-
tem. Europa’s ocean, ice shell, geology, composition, space environment, recent activity,
and astrobiological potential are all linked. Assessing whether Europa harbors the condi-
tions conducive for life is a huge scientific endeavor involving the synthesis of a multitude
of measurements and cooperation among a team of experts spanning many scientific disci-
plines. The Europa Clipper mission will assess Europa’s habitability through measurements
by the suite of investigations to achieve three primary science objectives involving its ice
shell, composition, and geology, and will also investigate the cross-cutting science related
to current activity, radiation, geodesy, and sites of high science interest for a future lander.
The specific science objectives of the mission are to: (1) characterize Europa’s ice shell,
ocean, and any subsurface water, including heterogeneity, ocean properties, and the nature
of surface–ice–ocean exchange; (2) understand Europa’s composition and chemistry; and
(3) understand the formation of surface features and characterize localities of high science-
interest. The mission will also search for evidence of recent or current activity, notably
plumes and thermal anomalies, and characterize these if present. Europa Clipper will also
perform geodetic and radiation measurements, and will assess high-resolution, co-located
observations at sites. Habitability assessments will overarch these objectives, drawing from
all the investigations, as outlined in Table 1. With simultaneous collection of data coupled
with models of Europa’s ocean, chemistry, evolution, and space environment Europa Clipper
will perform an integrated assessment of Europa’s habitability. The mission will also gain a
further understanding on the tidal energy available and where it is distributed in Europa, if
Europa’s environment supplies chemical compounds suitable for sustaining life, and what
drivers exist (chemical or physical factors, energetic particles, etc.) for providing chemical
disequilibria. The habitability of Europa over time will also be considered through knowl-
edge gained from the Europa Clipper mission. The entirety of Europa, its ice-shell, ocean,
seafloor, and their interfaces, will be surveyed with the suite of complementary instrument
investigations on the Europa Clipper mission to assess their potential as habitable environ-
ments.

Jupiter orbit insertion for Europa Clipper is anticipated in 2030. Work continues toward
achieving the best integrated Europa scientific models to assess the habitability of this re-
markable moon, and to begin the next exciting phase of ocean world exploration.
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Kalousová K, Souček O, Tobie G, Choblet G, Čadek O (2014) Ice melting and downward transport of melt-
water by two-phase flow in Europa’s ice shell. J Geophys Res, Planets 119(3):532–549. https://doi.org/
10.1002/2013JE004563

Kang W, Mittal T, Bire T, Campin J-M, Marshall J (2022) How does salinity shape ocean circulation and ice
geometry on Enceladus and other icy satellites? Sci Adv 8:eabm4665. https://doi.org/10.1126/sciadv.
abm4665

Kasting JF, Catling D (2003) Evolution of a habitable planet. Annu Rev Astron Astrophys 41:429–463.
https://doi.org/10.1146/annurev.astro.41.071601.170049

Kattenhorn SA, Prockter LM (2014) Evidence for subduction in the ice shell of Europa. Nat Geosci
7(10):762–767. https://doi.org/10.1038/ngeo2245

https://doi.org/10.1089/ast.2009.0386
https://doi.org/10.1089/ast.2009.0386
https://doi.org/10.1029/1999JE001147
https://doi.org/10.1111/j.1462-2920.2006.01212.x
https://doi.org/10.1089/ast.2007.0156
https://doi.org/10.1007/s11214-020-00713-7
https://doi.org/10.3847/PSJ/ac4493
https://doi.org/10.3847/PSJ/ac4493
https://doi.org/10.1016/0016-7037(93)90541-4
https://doi.org/10.1089/ast.2018.1955
https://doi.org/10.1029/2021GL095416
https://doi.org/10.1029/2021GL095416
https://doi.org/10.1016/j.icarus.2019.02.022
https://doi.org/10.1038/s41550-021-01583-x
https://doi.org/10.1038/s41550-021-01583-x
https://doi.org/10.3847/PSJ/abfe10
https://doi.org/10.3847/PSJ/abfe10
https://doi.org/10.1016/j.icarus.2019.01.011
https://doi.org/10.1038/s41467-020-15160-9
https://doi.org/10.3847/25C2cfeb.8920f9ae
https://doi.org/10.1038/nature14262
https://doi.org/10.1038/ncomms10003
https://doi.org/10.1111/j.1462-2920.2005.00872.x
https://doi.org/10.1016/j.icarus.2004.05.020
https://doi.org/10.1016/j.icarus.2004.05.020
https://doi.org/10.1002/2013JE004563
https://doi.org/10.1002/2013JE004563
https://doi.org/10.1126/sciadv.abm4665
https://doi.org/10.1126/sciadv.abm4665
https://doi.org/10.1146/annurev.astro.41.071601.170049
https://doi.org/10.1038/ngeo2245


Investigating Europa’s Habitability with the Europa Clipper Page 37 of 44 81

Kempf S, Altobelli N, Briois C, Grün E, Horanyi M, Postberg F, Schmidt J, Srama R, Sternovsky Z, Tobie G,
Zolotov M (2014) SUDA: a dust mass spectrometer for compositional surface mapping for a mission to
Europa. In: International workshop on instrumentation for planetary missions 3:7

Kempf S et al (2024) SUDA: A SUrface Dust Analyser for compositional mapping of the Galilean moon
Europa. Space Sci Rev 220

Khawaja N, Postberg F, Hillier J, Klenner F, Kempf S, Nölle L, Reviol R, Srama R (2019) Low-mass
nitrogen-, oxygen-bearing, and aromatic compounds in Enceladean ice grains. Mon Not R Astron Soc
489(4):5231–5243. https://doi.org/10.1093/mnras/stz2280

Khurana KK, Kivelson MG, Stevenson DJ, Schubert G, Russell CT, Walker RJ, Joy S, Polanskey C (1998)
Induced magnetic fields as evidence for subsurface oceans in Europa and Callisto. Nature 395:777.
https://doi.org/10.1038/27394

Khurana KK, Kivelson MG, Hand KP, Russell CT (2009) Electromagnetic induction from Europa’s ocean
and the deep interior. In: Pappalardo RT, McKinnon WB, Khurana KK (eds) Europa. University of
Arizona Press, Tucson, pp 571–586

Kivelson MG, Khurana K, Joy S, Russell C, Southwood D, Walker R, Polanskey C (1997) Europa’s magnetic
signature: report from Galileo’s pass on 19 December 1996. Science 276(5316):1239–1241. https://doi.
org/10.1126/science.276.5316.1239

Kivelson MG, Khurana K, Stevenson D, Bennett L, Joy S, Russell C, Walker R, Zimmer C, Polanskey C
(1999) Europa and Callisto: induced or intrinsic fields in a periodically varying plasma environment. J
Geophys Res 104(A3):4609–4625. https://doi.org/10.1029/1998JA900095

Kivelson MG, Khurana KK, Russell CT, Volwerk M, Walker RJ, Zimmer C (2000) Galileo magnetometer
measurements strengthen the case for a subsurface ocean at Europa. Science 289:1340. https://doi.org/
10.1126/science.289.5483.1340

Klenner F, Postberg F, Hillier J, Khawaja N, Cable ML, Abel B, Kempf S, Glein CR, Lunine JI, Hodyss R,
Reviol R (2020) Discriminating abiotic and biotic fingerprints of amino acids and fatty acids in ice grains
relevant to ocean worlds. Astrobiology 20(10):1168–1184. https://doi.org/10.1089/ast.2019.2188

Klimczak C, Byrne PK, Regensburger PV, Bohnenstiehl DR, Hauck SA, Dombard AJ, Hemingway DJ, Vance
SD, Melwani Daswani M, Elder CM (2019) Strong ocean floors within Europa, Titan, and Ganymede
limit geological activity there; Enceladus less so. In: 50th Lunar Planet Sci Conf, 2019 March, Abstract
2912, p 2912

Koh Z-W, Nimmo F, Lunine JI, Mazarico E, Dombard AJ (2022) Assessing the detectability of Europa’s
seafloor topography from Europa Clipper’s gravity data. Planet Sci J 3:197. https://doi.org/10.3847/
PSJ/ac82aa

Krembs C, Eicken H, Deming JW (2011) Exopolymer alteration of physical properties of sea ice and
implications for ice habitability and biogeochemistry in a warmer Arctic. Proc Natl Acad Sci
108(9):3653–3658. https://doi.org/10.1073/pnas.110070110

Krissansen-Totton J, Bergsman DS, Catling DC (2016) On detecting biospheres from chemical thermody-
namic disequilibrium in planetary atmospheres. Astrobiology 16(1):39–67. https://doi.org/10.1089/ast.
2015.1327

Kruijer TS, Burkhardt C, Budde G, Kleine T (2017) Age of Jupiter inferred from the distinct genetics and
formation times of meteorites. Proc Natl Acad Sci 114(26):6712–6716. https://doi.org/10.1073/pnas.
170446111

Lainey V, Arlot JE, Karatekin Ö, Van Hoolst T (2009) Strong tidal dissipation in Io and Jupiter from astro-
metric observations. Nature 459(7249):957–959. https://doi.org/10.1038/nature08108

Lamadrid HM, Rimstidt JD, Schwarzenbach EM, Klein F, Ulrich S, Dolocan A, Bodnar RJ (2017) Effect
of water activity on rates of serpentinization of olivine. Nat Commun 8:16107. https://doi.org/10.1038/
ncomms16107

Lang SQ, Butterfield DA, Schulte M, Kelley DS, Lilley MD (2010) Elevated concentrations of formate,
acetate and dissolved organic carbon found at the Lost City hydrothermal field. Geochim Cosmochim
Acta 74(3):941–952. https://doi.org/10.1016/j.gca.2009.10.045

Lee CJ, McMullan PE, O’Kane CJ, Stevenson A, Santos IC, Roy C et al (2018) NaCl-saturated brines are ther-
modynamically moderate, rather than extreme, microbial habitats. FEMS Microbiol Rev 42(5):672–693.
https://doi.org/10.1093/femsre/fuy026

Lefèvre F, Forget F (2009) Observed variations of methane on Mars unexplained by known atmospheric
chemistry and physics. Nature 460:720–723. https://doi.org/10.1038/nature08228

Leonard E, Collins G, Senske D, Patthoff DA (2018) The global geology of Europa: units, their distribution,
and implications for formation processes. In: 42nd COSPAR scientific assembly, vol 42, pp B5-3

Lesage E, Massol H, Schmidt F (2020a) Cryomagma ascent on Europa. Icarus 335:113369. https://doi.org/
10.1016/j.icarus.2019.07.003

Lesage E, Schmidt F, Andrieu F, Massol H (2020b) Constraints on effusive cryovolcanic eruptions on Europa
using topography obtained from Galileo images. Icarus. https://doi.org/10.1016/j.icarus.2021.114373

https://doi.org/10.1093/mnras/stz2280
https://doi.org/10.1038/27394
https://doi.org/10.1126/science.276.5316.1239
https://doi.org/10.1126/science.276.5316.1239
https://doi.org/10.1029/1998JA900095
https://doi.org/10.1126/science.289.5483.1340
https://doi.org/10.1126/science.289.5483.1340
https://doi.org/10.1089/ast.2019.2188
https://doi.org/10.3847/PSJ/ac82aa
https://doi.org/10.3847/PSJ/ac82aa
https://doi.org/10.1073/pnas.110070110
https://doi.org/10.1089/ast.2015.1327
https://doi.org/10.1089/ast.2015.1327
https://doi.org/10.1073/pnas.170446111
https://doi.org/10.1073/pnas.170446111
https://doi.org/10.1038/nature08108
https://doi.org/10.1038/ncomms16107
https://doi.org/10.1038/ncomms16107
https://doi.org/10.1016/j.gca.2009.10.045
https://doi.org/10.1093/femsre/fuy026
https://doi.org/10.1038/nature08228
https://doi.org/10.1016/j.icarus.2019.07.003
https://doi.org/10.1016/j.icarus.2019.07.003
https://doi.org/10.1016/j.icarus.2021.114373


81 Page 38 of 44 S.D. Vance et al.

Lesage E, Schmidt F, Andrieu F, Massol H (2021) Constraints on effusive cryovolcanic eruptions on Europa
using topography obtained from Galileo images. Icarus 361:114373. https://doi.org/10.1016/j.icarus.
2021.114373

Lobo AH, Thompson AF, Vance SD, Tharimena S (2021) A pole-to-equator ocean overturning circulation on
Enceladus. Nat Geosci 14(4):185–189. https://doi.org/10.1038/s41561-021-00706-3

Lorenz RD (2016) Europa ocean sampling by plume flythrough: astrobiological expectations. Icarus
267:217–219. https://doi.org/10.1016/j.icarus.2015.12.018

Lowell RP, DuBose M (2005) Hydrothermal systems on Europa. Geophysical Research Letters 32(5). https://
doi.org/10.1029/2005GL022375

Lunine JI, Stevenson DJ (1982) Formation of the Galilean satellites in a gaseous nebula. Icarus 52:14–29.
https://doi.org/10.1016/0019-1035(82)90166-X

Lyons T, Reinhard C, Planavsky N (2014) The rise of oxygen in Earth’s early ocean and atmosphere. Nature
506:307–315. https://doi.org/10.1038/nature13068

Madeira G, Izidoro A, Giuliatti Winter SM (2021) Building the Galilean moons system via pebble accretion
and migration: a primordial resonant chain. Mon Not R Astron Soc 504:1854–1872. https://doi.org/10.
1093/mnras/stab986

Manga M, Michaut C (2017) Formation of lenticulae on Europa by saucer-shaped sills. Icarus 286:261–269.
https://doi.org/10.1016/j.icarus.2016.10.009

Manga M, Wang CY (2007) Pressurized oceans and the eruption of liquid water on Europa and Enceladus.
Geophys Res Lett 34:L07202. https://doi.org/10.1029/2007GL029297

Marion GM, Fritsen CH, Eicken H, Payne MC (2003) The search for life on Europa: limiting environmental
factors, potential habitats, and Earth analogues. Astrobiology 3(4):785–811. https://doi.org/10.1089/
153110703322736105

Marion GM, Kargel JS, Catling DC, Jakubowski SD (2005) Effects of pressure on aqueous chemical equilib-
ria at subzero temperatures with applications to Europa. Geochim Cosmochim Acta 69:259–274. https://
doi.org/10.1016/j.gca.2004.06.024

Mazarico E, Buccino D, Castillo-Rogez J, Dombard AJ, Genova A, Hussmann H, Withers P (2023) The
Europa Clipper gravity and radio science investigation. Space Sci Rev 219(4):30. https://doi.org/10.
1007/s11214-023-00972-0

McCleskey RB, Nordstrom DK, Ryan JN (2012) Comparison of electrical conductivity calculation methods
for natural waters. Limnol Oceanogr, Methods 10(11):952–967. https://doi.org/10.4319/lom.2012.10.
952

McCollom T (1999) Methanogenesis as a potential source of chemical energy for primary biomass production
by autotrophic organisms in hydrothermal systems on Europa. J Geophys Res 104(E 12):30729–30742.
https://doi.org/10.1029/1999JE001126

McCord TA, Hansen GB, Clark RN, Martin PD, Hibbitts CA, Fanale FP, Granahan JC, Segura M, Matson
DL, Johnson TV, Carlson RW (1998b) Non-water-ice constituents in the surface material of the icy
Galilean satellites from the Galileo near-infrared mapping spectrometer investigation. J Geophys Res,
Planets 103(E4):8603–8626. https://doi.org/10.1029/98JE00788

McCord TB, Hansen GB, Fanale FP, Carlson RW, Matson DL, Johnson TV, Smythe WD, Crowley JK, Martin
PD, Ocampo A, Hibbitts CA (1998a) Salts on Europa’s surface detected by Galileo’s near infrared
mapping spectrometer. Science 280(5367):1242–1245. https://doi.org/10.1126/science.280.5367.1242

McDermott JM, Seewald JS, German CR, Sylva SP (2015) Pathways for abiotic organic synthesis at sub-
marine hydrothermal fields. Proc Natl Acad Sci, 112(25):7668–7672. https://doi.org/10.1073/pnas.
1506295112

McKinnon WB (1999) Convective instability in Europa’s floating ice shell. Geophys Res Lett 26(7):951–954.
https://doi.org/10.1029/1999GL900125

McKinnon WB (2023) Setting the stage: formation and earliest evolution of Io. In: Lopes R, de Kleer K,
Keane JT (eds) Io: a new view of Jupiter’s moon. Springer, Switzerland, pp 41–93. https://doi.org/10.
1007/978-3-031-25670-7_3

McKinnon B, Zolensky ME (2003) Sulfate content of Europa’s ocean and shell: evolutionary considera-
tions and geological and astrobiological implications. Astrobiology 3:879–897. https://doi.org/10.1089/
153110703322736150

Melosh HJ, Eckholm AD, Showman AP, Lorenz RD (2004) The temperature of Europa’s subsurface water
ocean. Icarus 168:498–502. https://doi.org/10.1016/j.icarus.2003.11.026

Melwani Daswani M, Vance SD, Mayne MJ, Glein CR (2021) A metamorphic origin for Europa’s ocean.
Geophys Res Lett 48:e2021GL094143. https://doi.org/10.1029/2021GL094143

Michaut C, Manga M (2014) Domes, pits, and small chaos on Europa produced by water sills. J Geophys
Res, Planets 119:550–573. https://do.org/10.1002/2013JE004558

Mikhail S, Sverjensky DA (2014) Nitrogen speciation in upper mantle fluids and the origin of Earth’s
nitrogen-rich atmosphere. Nat Geosci 7(11):816–819. https://doi.org/10.1038/ngeo2271

https://doi.org/10.1016/j.icarus.2021.114373
https://doi.org/10.1016/j.icarus.2021.114373
https://doi.org/10.1038/s41561-021-00706-3
https://doi.org/10.1016/j.icarus.2015.12.018
https://doi.org/10.1029/2005GL022375
https://doi.org/10.1029/2005GL022375
https://doi.org/10.1016/0019-1035(82)90166-X
https://doi.org/10.1038/nature13068
https://doi.org/10.1093/mnras/stab986
https://doi.org/10.1093/mnras/stab986
https://doi.org/10.1016/j.icarus.2016.10.009
https://doi.org/10.1029/2007GL029297
https://doi.org/10.1089/153110703322736105
https://doi.org/10.1089/153110703322736105
https://doi.org/10.1016/j.gca.2004.06.024
https://doi.org/10.1016/j.gca.2004.06.024
https://doi.org/10.1007/s11214-023-00972-0
https://doi.org/10.1007/s11214-023-00972-0
https://doi.org/10.4319/lom.2012.10.952
https://doi.org/10.4319/lom.2012.10.952
https://doi.org/10.1029/1999JE001126
https://doi.org/10.1029/98JE00788
https://doi.org/10.1126/science.280.5367.1242
https://doi.org/10.1073/pnas.1506295112
https://doi.org/10.1073/pnas.1506295112
https://doi.org/10.1029/1999GL900125
https://doi.org/10.1007/978-3-031-25670-7_3
https://doi.org/10.1007/978-3-031-25670-7_3
https://doi.org/10.1089/153110703322736150
https://doi.org/10.1089/153110703322736150
https://doi.org/10.1016/j.icarus.2003.11.026
https://doi.org/10.1029/2021GL094143
https://do.org/10.1002/2013JE004558
https://doi.org/10.1038/ngeo2271


Investigating Europa’s Habitability with the Europa Clipper Page 39 of 44 81

Miller KE, Glein CR, Waite JH (2019) Contributions from accreted organics to Titan’s atmosphere: new
insights from cometary and chondritic data. Astrophys J 871(1):59. https://doi.org/10.3847/1538-4357/
aaf561

Millero FJ, Feistel R, Wright DG, McDougall TJ (2008) The composition of standard seawater and the defini-
tion of the reference-composition salinity scale. Deep-Sea Res, Part 1, Oceanogr Res Pap 55(1):50–72.
https://doi.org/10.1016/j.dsr.2007.10.001

Mitri G, Showman AP (2005) Convective-conductive transitions and sensitivity of a convecting ice shell to
perturbations in heat flux and tidal-heating rate: implications for Europa. Icarus 177:447–460. https://
doi.org/10.1016/j.icarus.2005.03.019

Moore WB, Hussmann H (2009) Thermal evolution of Europa’s silicate interior. In: Pappalardo RT, McKin-
non WB, Khurana KK (eds) Europa. University of Arizona Press, Tucson, pp 369–380

Moraes RA, Kley W, Neto EV (2018) Growth and evolution of satellites in a Jovian massive disc. Mon Not
R Astron Soc 475:1347–1362. https://doi.org/10.1093/mnras/stx3268

Mosqueira I, Estrada P (2003) Formation of the regular satellites of giant planets in an extended gaseous neb-
ula I: subnebula model and accretion of satellites. Icarus 163:198–231. https://doi.org/10.1016/S0019-
1035(03)00076-9

Mousis O, Gautier D (2004) Constraints on the presence of volatiles in Ganymede and Callisto from an
evolutionary turbulent model of the Jovian subnebula. Planet Space Sci 52:361–370. https://doi.org/10.
1016/j.pss.2003.06.004

Mousis O, Schneeberger A, Lunine JI, Glein CR, Bouquet A, Vance SD (2023) Early stages of Galilean
moon formation in a water-depleted environment. Astrophys J Lett 944:L37. https://doi.org/10.3847/
2041-8213/acb5a4

Muñoz-Iglesias V, Bonales LJ, Prieto-Ballesteros O (2013) pH and salinity evolution of Europa’s brines:
Raman spectroscopy study of fractional precipitation at 1 and 300 bar. Astrobiology 13:693–702. https://
doi.org/10.1089/ast.2012.0900

National Academies of Sciences, Engineering, and Medicine (2022) Origins, worlds, life: a decadal strategy
for planetary science and astrobiology 2023–2032. Natl. Acad. Press, Washington. https://doi.org/10.
17226/26522

Néri A, Guyot F, Reynard B, Sotin C (2020) A carbonaceous chondrite and cometary origin for icy moons of
Jupiter and Saturn. Earth Planet Sci Lett 530:115290. https://doi.org/10.1016/j.epsl.2019.115920

Ojakangas GW, Stevenson DJ (1989) Thermal state of an ice shell on Europa. Icarus 81:220–241. https://doi.
org/10.1016/0019-1035(89)90052-3

Oren A (2013) Life in magnesium-and calcium-rich hypersaline environments: salt stress by chaotropic ions.
In: Seckbach J, Oren A, Stan-Lotter H (eds) Polyextremophiles. Cellular Origin, Life in Extreme Habi-
tats and Astrobiology, vol 27. Springer, Dordrecht, pp 215–232. https://doi.org/10.1007/978-94-007-
6488-0_8

Pappalardo RT, Head JW, Greeley R, Sullivan RJ, Pilcher C, Schubert G, Moore WB, Carr MH et al (1998)
Geological evidence for solid-state convection in Europa’s ice shell. Nature 391(6665):365–368. https://
doi.org/10.1038/34862

Pappalardo RT, Belton MJS, Breneman HH, Carr MH, Chapman CR, Collins GC, Denk T, Fagents S, Geissler
PE et al (1999) Does Europa have a subsurface ocean? Evaluation of the geological evidence. J Geophys
Res, Planets 104(E10):24015–24055. https://doi.org/10.1029/1998JE000628

Pappalardo RT et al (2024) Science Overview of the Europa Clipper Mission. Space Sci Rev 220
Pasek MA, Greenberg R (2012) Acidification of Europa’s subsurface ocean as a consequence of oxidant

delivery. Astrobiology 12(2):151–159. https://doi.org/10.1089/ast.2011.0666
Pauer M, Musiol S, Breuer D (2010) Gravity signals on Europa from silicate shell density variations. J Geo-

phys Res, Planets. https://doi.org/10.1029/2010JE003595
Peale SJ, Canup RM (2015) The origin of the natural satellites. In: Schubert G (ed) Treatise on geophysics,

2nd edn. Planets and moon, vol 10. Elsevier, Boston, pp 559–604
Peale S, Lee MH (2002) A primordial origin of the Laplace relation among the Galilean satellites. Science

298:593–597. https://doi.org/10.1126/science.1076557
Petrich C, Eicken H (2017) Overview of sea ice growth and properties. In: Thomas DN (ed) Sea ice, 3rd edn.

Wiley, Chichester, pp 1–41
Phillips CB et al (2021) An exploration strategy for Europa. In: Planetary science and astrobiology decadal

survey 2023-2032 white paper. Bull Amer Astron Soc, vol 53, p 207. https://doi.org/10.3847/25c2cfeb.
8eef28a4

Pierazzo E, Chyba CF (2002) Cometary delivery of biogenic elements to Europa. Icarus 157(3):120–127.
https://doi.org/10.1006/icar.2001.6812

Pikuta EV, Hoover RB, Tang J (2007) Microbial extremophiles at the limits of life. Crit Rev Microbiol
33(3):183–209. https://doi.org/10.1080/10408410701451948

https://doi.org/10.3847/1538-4357/aaf561
https://doi.org/10.3847/1538-4357/aaf561
https://doi.org/10.1016/j.dsr.2007.10.001
https://doi.org/10.1016/j.icarus.2005.03.019
https://doi.org/10.1016/j.icarus.2005.03.019
https://doi.org/10.1093/mnras/stx3268
https://doi.org/10.1016/S0019-1035(03)00076-9
https://doi.org/10.1016/S0019-1035(03)00076-9
https://doi.org/10.1016/j.pss.2003.06.004
https://doi.org/10.1016/j.pss.2003.06.004
https://doi.org/10.3847/2041-8213/acb5a4
https://doi.org/10.3847/2041-8213/acb5a4
https://doi.org/10.1089/ast.2012.0900
https://doi.org/10.1089/ast.2012.0900
https://doi.org/10.17226/26522
https://doi.org/10.17226/26522
https://doi.org/10.1016/j.epsl.2019.115920
https://doi.org/10.1016/0019-1035(89)90052-3
https://doi.org/10.1016/0019-1035(89)90052-3
https://doi.org/10.1007/978-94-007-6488-0_8
https://doi.org/10.1007/978-94-007-6488-0_8
https://doi.org/10.1038/34862
https://doi.org/10.1038/34862
https://doi.org/10.1029/1998JE000628
https://doi.org/10.1089/ast.2011.0666
https://doi.org/10.1029/2010JE003595
https://doi.org/10.1126/science.1076557
https://doi.org/10.3847/25c2cfeb.8eef28a4
https://doi.org/10.3847/25c2cfeb.8eef28a4
https://doi.org/10.1006/icar.2001.6812
https://doi.org/10.1080/10408410701451948


81 Page 40 of 44 S.D. Vance et al.

Poli A, Anzelmo G, Nicolaus B (2010) Bacterial exopolysaccharides from extreme marine habitats: pro-
duction, characterization and biological activities. Mar Drugs 8(6):1779–1802. https://doi.org/10.3390/
md8061779

Postberg F, Kempf S, Srama R, Green SF, Hillier JK, McBride N, Grün E (2006) Composition of Jovian dust
stream particles. Icarus 183(1):122–134. https://doi.org/10.1016/j.icarus.2006.02.001

Postberg F, Clark RN, Hansen CJ, Coates AJ, Ore CMD, Scipioni F, Hedman MM, Waite JH (2018a) Plume
and surface composition of Enceladus. In: Schenk PM, Clark RN, Howett CJA, Verbiscer AJ, Waite JH
(eds) Enceladus and the Icy Moons of Saturn. University of Arizona Press, Tucson, pp 129–162

Postberg F, Khawaja N, Abel B, Choblet G, Glein CR, Gudipati MS, Henderson BL, Hsu HW, Kempf S,
Klenner F, Moragas-Klostermeyer G, Magee B, Nölle L, Perry M, Reviol R, Schmidt J, Srama R, Stolz
F, Tobie G, Trieloff M, Waite JH (2018b) Macromolecular organic compounds from the depths of Ence-
ladus. Nature 558(7711):564. https://doi.org/10.1038/s41586-018-0246-4

Poston MJ, Carlson RW, Hand KP (2017) Spectral behavior of irradiated sodium chloride crystals
under Europa-like conditions. J Geophys Res, Planets 122(12):2644–2654. https://doi.org/10.1002/
2017JE005429

Price PB (2000) A habitat for psychrophiles in deep Antarctic ice. Proc Natl Acad Sci 97(3):1247–1251.
https://doi.org/10.1073/pnas.97.3.1247

Price PB (2007) Microbial life in glacial ice and implications for a cold origin of life. FEMS Microbiol Ecol
59(2):217–231. https://doi.org/10.1111/j.1574-6941.2006.00234.x

Prinn RG, Fegley B Jr (1989) Solar nebula chemistry: origin of planetary, satellite, and cometary volatiles.
In: Origin and evolution of planetary and satellite atmospheres, pp 78–136

Priscu JC, Christner BC (2004) Earth’s icy biosphere. In: Bull AT(ed) Microbial diversity and bioprospecting.
ASM Press, Washington DC, pp 130–145. https://doi.org/10.1128/9781555817770.ch13

Proskurowski G, Lilley MD, Kelley DS, Olson EJ (2006) Low temperature volatile production at the
Lost City Hydrothermal Field, evidence from a hydrogen stable isotope geothermometer. Chem Geol
229(4):331–343. https://doi.org/10.1016/j.chemgeo.2005.11.005

Quick LC, Marsh BD (2015) Constraining the thickness of Europa’s water-ice shell: insights from tidal
dissipation and conductive cooling. Icarus 253:16–24. https://doi.org/10.1016/j.icarus.2015.02.016

Quick LC, Marsh BD (2016) Heat transfer of ascending cryomagma on Europa. J Volcanol Geotherm Res
319:66–77. https://doi.org/10.1016/j.jvolgeores.2016.03.018

Quick LC, Glaze LS, Baloga SM (2017) Cryovolcanic emplacement of domes on Europa. Icarus
284:477–488. https://doi.org/10.1016/j.icarus.2016.06.029

Quick LC, Fagents SA, Nuñez KA, Beyer RA, Beddingfield CB, Prockter LM (2022) Cryolava dome growth
resulting from active eruptions on Jupiter’s moon Europa. Icarus 115185. https://doi.org/10.1016/j.
icarus.2022.115185

Ray C, Glein CR, Waite JH, Teolis B, Hoehler T, Huber JA, Lunine J, Postberg F (2021) Oxidation processes
diversify the metabolic menu on Enceladus. Icarus 364:114248. https://doi.org/10.1016/j.icarus.2020.
114248

Ridgwell A, Zeebe R (2005) The role of the global carbonate cycle in the regulation and evolution of the
Earth system. Earth Planet Sci Lett. 234(3–4):299–315. https://doi.org/10.1016/j.epsl.2005.03.006

Roberts JH, Vance S, Ganse A (2018) Detection of gravity anomalies on Europa using line-of-sight gravity
profiles. AGU Fall Mtg, Abstract PB42B-06

Roberts JH et al (2023) Exploring the interior of Europa with the Europa Clipper. Space Sci Rev 219:46.
https://doi.org/10.1007/s11214-023-00990-y

Robinson KJ, Bockisch C, Gould IR, Liao Y, Yang Z, Glein CR, Shaver GD, Hartnett HE, Williams LB,
Shock EL (2021) Quantifying the extent of amide and peptide bond synthesis across conditions relevant
to geologic and planetary environments. Geochim Cosmochim Acta 300:318–332. https://doi.org/10.
1016/j.gca.2021.01.038

Ronnet T, Johansen A (2020) Formation of moon systems around giant planets. Capture and ablation of
planetesimals as foundation for a pebble accretion scenario. Astron Astrophys 633:93. https://doi.org/
10.1051/0004-6361/201936804

Ronnet T, Mousis O, Vernazza P (2017) Pebble accretion at the origin of water in Europa. Astrophys J 845:92.
https://doi.org/10.3847/1538-4357/aa80e6

Ronnet T, Mousis O, Vernazza P, Lunine JI, Crida A (2018) Saturn’s formation and early evolution at the
origin of Jupiter’s massive moons. Astron J 155:224. https://doi.org/10.3847/1538-3881/aabcc7

Ruiz J, Montoya L, López V, Amils R (2007) Thermal diapirism and the habitability of the icy shell of Europa.
Orig Life Evol Biosph 37:287–295. https://doi.org/10.1007/s11084-007-9068-3

Russell MJ, Murray AE, Hand KP (2017) The possible emergence of life and differentiation of a shallow
biosphere on irradiated icy worlds: the example of Europa. Astrobiology 17(12):1265–1273. https://doi.
org/10.1089/ast.2016.1600

https://doi.org/10.3390/md8061779
https://doi.org/10.3390/md8061779
https://doi.org/10.1016/j.icarus.2006.02.001
https://doi.org/10.1038/s41586-018-0246-4
https://doi.org/10.1002/2017JE005429
https://doi.org/10.1002/2017JE005429
https://doi.org/10.1073/pnas.97.3.1247
https://doi.org/10.1111/j.1574-6941.2006.00234.x
https://doi.org/10.1128/9781555817770.ch13
https://doi.org/10.1016/j.chemgeo.2005.11.005
https://doi.org/10.1016/j.icarus.2015.02.016
https://doi.org/10.1016/j.jvolgeores.2016.03.018
https://doi.org/10.1016/j.icarus.2016.06.029
https://doi.org/10.1016/j.icarus.2022.115185
https://doi.org/10.1016/j.icarus.2022.115185
https://doi.org/10.1016/j.icarus.2020.114248
https://doi.org/10.1016/j.icarus.2020.114248
https://doi.org/10.1016/j.epsl.2005.03.006
https://doi.org/10.1007/s11214-023-00990-y
https://doi.org/10.1016/j.gca.2021.01.038
https://doi.org/10.1016/j.gca.2021.01.038
https://doi.org/10.1051/0004-6361/201936804
https://doi.org/10.1051/0004-6361/201936804
https://doi.org/10.3847/1538-4357/aa80e6
https://doi.org/10.3847/1538-3881/aabcc7
https://doi.org/10.1007/s11084-007-9068-3
https://doi.org/10.1089/ast.2016.1600
https://doi.org/10.1089/ast.2016.1600


Investigating Europa’s Habitability with the Europa Clipper Page 41 of 44 81

Salter TL, Magee BA, Waite JH Sephton MA (2022b) Mass spectrometric fingerprints of bacteria and archaea
for life detection on icy moons. Astrobiology 22(2):143–157. https://doi.org/10.1089/ast.2020.2394

Salter TL, Watson JS, Waite JH, Sephton MA (2022a) Hydrothermal processing of microorganisms: mass
spectral signals of degraded biosignatures for life detection on icy moons. ACS Earth Space Chem
6(10):2508–2518. https://doi.org/10.1021/acsearthspacechem.2c00213

Sarmiento J, Toggweiler J (1984) A new model for the role of the oceans in determining atmospheric P CO2.
Nature 308:621–624. https://doi.org/10.1038/308621a0

Schmidt BE, Blankenship DD, Patterson GW, Schenk PM (2011) Active formation of chaos terrain over
shallow subsurface water on Europa. Nature 479:502–505. https://doi.org/10.1038/nature10608

Schubert G, Sohl F, Hussmann H (2009) Interior of Europa. In: Pappalardo RT, McKinnon WB, Khurana KK
(eds) Europa. Europa University of Arizona Press, Tucson, pp 353–367

Schulik M, Johansen A, Bitsch B, Lega E, Lambrechts M (2020) On the structure and mass delivery towards
circumplanetary discs. Astron Astrophys 642:A187. https://doi.org/10.1051/0004-6361/202037556

Schulze-Makuch D, Irwin LN (2018) Life and the need for a solvent. In: Life in the universe. Springer, Cham,
pp 123–147. https://doi.org/10.1007/978-3-319-97658-7_7

Scott ERD, Krot AN, Sanders IS (2018) Isotopic dichotomy among meteorites and its bearing on the proto-
planetary disk. Astrophys J 854:164. https://doi.org/10.3847/1538-4357/aaa5a5

Sephton MA, Waite JH, Brockwell TG (2018) How to detect life on icy moons. Astrobiology 18:843–855.
https://doi.org/10.1089/ast.2017.1656

Shock EL (1988) Organic acid metastability in sedimentary basins. Geology 16(10):886–890. https://doi.org/
10.1130/0091-7613(1988)016<0886:OAMISB>2.3.CO;2

Shock EL (1989) Corrections to “Organic acid metastability in sedimentary basins”. Geology 17:572–573.
https://doi.org/10.1130/0091-7613(1989)017<0572:CTOAMI>2.3.CO;2

Shock EL (1994) Application of thermodynamic calculations to geochemical processes involving organic
acids. In: Lewan M, Pittman E (eds) The role of organic acids in geological processes. Springer, Berlin,
pp 270–318. https://doi.org/10.1007/978-3-642-78356-2_10

Shock EL, Holland ME (2007) Quantitative habitability. Astrobiology 7:839–851. https://doi.org/10.1089/
ast.2007.0137

Shock EL, Canovas P, Yang Z, Boyer G, Johnson K, Robinson K, Fecteau K, Windman T, Cox A (2013)
Thermodynamics of organic transformations in hydrothermal fluids. Rev Mineral Geochem 76:311–350.
https://doi.org/10.2138/rmg.2013.76.9

Shock E, Bockisch C, Estrada C, Fecteau K, Gould I, Hartnett H, Johnson K, Robinson K, Shipp J, Williams
L (2019) Earth as organic chemist. In: Orcutt B, Daniel I, Dasgupta R (eds) Deep carbon, past to present.
Cambridge University Press, Cambridge, pp 415–446

Singer KN, McKinnon WB, Schenk PM (2021) Pits, uplifts and small chaos features on Europa: morpho-
logic and morphometric evidence for intrusive upwelling and lower limits to ice shell thickness. Icarus
364:114465. https://doi.org/10.1016/j.icarus.2021.114465

Smith HB, Drew A, Malloy JF, Walker SI (2021) Seeding biochemistry on other worlds: Enceladus as a case
study. Astrobiology 21:177–190. https://doi.org/10.1089/ast.2019.2197

Soderlund KM (2019) Ocean dynamics of outer solar system satellites. Geophys Res Lett 46(15):8700–8710.
https://doi.org/10.1029/2018GL081880

Soderlund KM, Schmidt BE, Wicht J, Blankenship DD (2014) Ocean-driven heating of Europa’s icy shell at
low latitudes. Nat Geosci 7(1):16–19. https://doi.org/10.1038/ngeo2021

Soderlund KM, Kalousová K, Buffo JJ, Glein CR, Goodman JC, Mitri G et al (2020) Ice-ocean exchange
processes in the Jovian and Saturnian satellites. Space Sci Rev 216(5):1–57. https://doi.org/10.1007/
s11214-020-00706-6

Solomon SC, Aharonson O, Banerdt WB, Dombard AJ, Frey HV, Golombek MP, Hauck SA, Head JW,
Johnson CL, McGovern PJ, Phillips RJ, Smith DE, Zuber MT (2003) Why are there so few magnetic
anomalies in Martian lowlands and basins? Lunar Planet Sci Conf XXXIII. Abstract 1382

Sotin C, Tobie G (2004) Internal structure and dynamics of the large icy satellites. C R Phys 5(7):769–780.
https://doi.org/10.1016/j.crhy.2004.08.001

Sotin C, Head JW III, Tobie G (2002) Europa: tidal heating of upwelling thermal plumes and the origin of
lenticulae and chaos melting. Geophys Res Lett 29:1233. https://doi.org/10.1029/2001GL013844

Sotin C, Tobie G, Wahr J, McKinnon WB (2009) Tides and tidal heating on Europa. In: Pappalardo RT,
McKinnon WB, Khurana KK (eds) Europa. University of Arizona Press, Tucson, pp 85–117

Sparks WB, Schmidt BE, McGrath MA, Hand KP, Spencer JR, Cracraft M, Deustua SE (2017) Active cryo-
volcanism on Europa? Astrophys J 839:L18. https://doi.org/10.3847/2041-8213/aa67f8

Squyres SW, Reynolds RT, Cassen PM, Peale SJ (1983) Liquid water and active resurfacing on Europa.
Nature 301:225–226. https://doi.org/10.1038/301225a0

Steinbrugge G, Voigt JRC, Wolfenbarger NS, Hamilton CW, Soderlund KM, Young DA, Blankenship DD,
Vance SD, Schroeder DM (2020) Brine migration and impact-induced cryovolcanism on Europa. Geo-
phys Res Lett 47:e2020GL090797. https://doi.org/10.1029/2020GL090797

https://doi.org/10.1089/ast.2020.2394
https://doi.org/10.1021/acsearthspacechem.2c00213
https://doi.org/10.1038/308621a0
https://doi.org/10.1038/nature10608
https://doi.org/10.1051/0004-6361/202037556
https://doi.org/10.1007/978-3-319-97658-7_7
https://doi.org/10.3847/1538-4357/aaa5a5
https://doi.org/10.1089/ast.2017.1656
https://doi.org/10.1130/0091-7613(1988)016<0886:OAMISB>2.3.CO;2
https://doi.org/10.1130/0091-7613(1988)016<0886:OAMISB>2.3.CO;2
https://doi.org/10.1130/0091-7613(1989)017<0572:CTOAMI>2.3.CO;2
https://doi.org/10.1007/978-3-642-78356-2_10
https://doi.org/10.1089/ast.2007.0137
https://doi.org/10.1089/ast.2007.0137
https://doi.org/10.2138/rmg.2013.76.9
https://doi.org/10.1016/j.icarus.2021.114465
https://doi.org/10.1089/ast.2019.2197
https://doi.org/10.1029/2018GL081880
https://doi.org/10.1038/ngeo2021
https://doi.org/10.1007/s11214-020-00706-6
https://doi.org/10.1007/s11214-020-00706-6
https://doi.org/10.1016/j.crhy.2004.08.001
https://doi.org/10.1029/2001GL013844
https://doi.org/10.3847/2041-8213/aa67f8
https://doi.org/10.1038/301225a0
https://doi.org/10.1029/2020GL090797


81 Page 42 of 44 S.D. Vance et al.

Styczinski MJ, Cooper ZS, Glaser DM, Lehmer O, Mierzejewski V, Tarnas J (2022) Chap. 7: assessing habit-
ability beyond Earth. In: Astrobiology Primer 3.0. 2022 astrobiology science conference. Am. Geophys.
Union, Washington

Szulágyi J, Masset F, Lega E, Crida A, Morbidelli A, Guillot T (2016) Circumplanetary disc or circumplane-
tary envelope? Mon Not R Astron Soc 460:2853–2861. https://doi.org/10.1093/mnras/stw1160

Tan S, Sekine Y, Shibuya T, Miyamoto C, Takahashi Y (2021) The role of hydrothermal sulfate reduction
in the sulfur cycles within Europa: laboratory experiments on sulfate reduction at 100 MPa. Icarus
357:114222. https://doi.org/10.1016/j.icarus.2020.114222

Tanigawa T, Ohtsuki K, Machid MN (2012) Distribution of accreting gas and angular momentum onto cir-
cumplanetary disks. Astrophys J 747:47–63. https://doi.org/10.1088/0004-637X/747/1/47

Tassi F, Vaselli O, Capaccioni B, Montegrossi G, Barahona F, Capari A (2007) Scrubbing process and chem-
ical equilibria controlling the composition of light hydrocarbons in natural gas discharges: an example
from the geothermal fields of El Salvador. Geochem Geophys Geosyst 8(5). https://doi.org/10.1029/
2006GC001487

Trinh KT, Bierson CJ, O’Rourke JG (2023) Slow evolution of Europa’s interior: metamorphic ocean origin,
delayed metallic core formation, and limited seafloor volcanism. Sci Adv 9(24). https://www.science.
org/doi/10.1126/sciadv.adf3955

Trumbo SK, Brown ME, Hand KP (2019) Sodium chloride on the surface of Europa. Sci Adv 5(6):eaaw7123.
https://doi.org/10.1126/sciadv.aaw7123

Trumbo SK, Becker TM, Brown ME, Denman WTP, Molyneux P, Hendrix A, Retherford KD, Roth L, Alday
J (2022) A new UV spectral feature on Europa: confirmation of NaCl in leading-hemisphere chaos
terrain. Planet Sci J 3:27. https://doi.org/10.3847/PSJ/ac4580

Vance SD, Harnmeijer J, Kimura J, Hussmann H, DeMartin B, Brown JM (2007) Hydrothermal systems in
small ocean planets. Astrobiology 7(6):987–1005. https://doi.org/10.1089/ast.2007.0075

Vance S, Bouffard M, Choukroun M, Sotin C (2014) Ganymede’s internal structure including thermodynam-
ics of magnesium sulfate oceans in contact with ice. Planet Space Sci 96:62–70. https://doi.org/10.1016/
j.pss.2014.03.011

Vance SD, Hand KP, Pappalardo RT (2016) Geophysical controls of chemical disequilibria in Europa. Geo-
phys Res Lett 43(10):4871–4879. https://doi.org/10.1002/2016GL068547

Vance SD, Barge LM, Cardoso SS, Cartwright JH (2019) Self-assembling ice membranes on Europa:
brinicle properties, field examples, and possible energetic systems in icy ocean worlds. Astrobiology
19(5):685–695. https://doi.org/10.1089/ast.2018.1826

Vance SD, Styczinski MJ, Bills BG, Cochrane CJ, Soderlund KM, Gómez-Pérez N, Paty C (2021) Magnetic
induction responses of Jupiter’s ocean moons including effects from adiabatic convection. J Geophys
Res, Planets 126:e2020JE006418. https://doi.org/10.1029/2020JE006418

Waite JH, Glein CR, Perryman RS, Teolis BD, Magee BA, Miller G, Grimes J, Perry ME, Miller KE, Bouquet
A et al (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

Waite JH et al (2024) MASPEX-Europa: the Europa Clipper neutral gas mass spectrometer investigation.
Space Sci Rev 220

White LM, Shibuya T, Vance SD, Christensen LE, Bhartia R, Kidd R, Hoffmann A, Stucky GD, Kanik I,
Russell MJ (2020) Simulating serpentinization as it could apply to the emergence of life using the JPL
hydrothermal reactor. Astrobiology 20(3):307–326. https://doi.org/10.1089/ast.2018.1949

Wolfenbarger NS, Buffo JJ, Soderlund KM Blankenship DD (2022a) Ice shell structure and composition of
ocean worlds: insights from accreted ice on Earth. Astrobiology 22:937–961. https://doi.org/10.1089/
ast.2021.0044

Wolfenbarger NS, Fox-Powell MG, Buffo JJ, Soderlund KM, Blankenship DD (2022b) Compositional con-
trols on the distribution of brine in Europa’s ice shell. J Geophys Res, Planets 127(9):e2022JE007305.
https://doi.org/10.1029/2022JE007305

Yoder CF, Peale SJ (1981) The tides of Io. Icarus 47:1–35. https://doi.org/10.1016/0019-1035(81)90088-9
Zahnle K, Schenk P, Levison H, Dones L (2003) Cratering rates in the outer Solar System. Icarus

163(2):263–289. https://doi.org/10.1016/S0019-1035(03)00048-4
Zeebe R, Caldeira K (2008) Close mass balance of long-term carbon fluxes from ice-core CO2 and ocean

chemistry records. Nat Geosci 1:312–315. https://doi.org/10.1038/ngeo185
Zhang Z, Bolton SJ, Brown S, Bonnefoy LE, Ermakov A, Feng J, Keane J, Levin S, Lunine J, Leonard E,

Misra S, Martinez A, Hartogh P, Stevenson D, Siegler M (2023) Juno microwave radiometer observa-
tions of Europa’s ice shell. In: 54th Lunar Planet Sci Conf, LPI. Abstract 2314

Zhu P, Manucharyan G, Thompson AF, Goodman J, Vance SD (2017) The influence of meridional ice trans-
port on Europa’s ocean stratification and heat content. Geophys Res Lett 44. https://doi.org/10.1002/
2017GL072996

https://doi.org/10.1093/mnras/stw1160
https://doi.org/10.1016/j.icarus.2020.114222
https://doi.org/10.1088/0004-637X/747/1/47
https://doi.org/10.1029/2006GC001487
https://doi.org/10.1029/2006GC001487
https://www.science.org/doi/10.1126/sciadv.adf3955
https://www.science.org/doi/10.1126/sciadv.adf3955
https://doi.org/10.1126/sciadv.aaw7123
https://doi.org/10.3847/PSJ/ac4580
https://doi.org/10.1089/ast.2007.0075
https://doi.org/10.1016/j.pss.2014.03.011
https://doi.org/10.1016/j.pss.2014.03.011
https://doi.org/10.1002/2016GL068547
https://doi.org/10.1089/ast.2018.1826
https://doi.org/10.1029/2020JE006418
https://doi.org/10.1126/science.aai8703
https://doi.org/10.1089/ast.2018.1949
https://doi.org/10.1089/ast.2021.0044
https://doi.org/10.1089/ast.2021.0044
https://doi.org/10.1029/2022JE007305
https://doi.org/10.1016/0019-1035(81)90088-9
https://doi.org/10.1016/S0019-1035(03)00048-4
https://doi.org/10.1038/ngeo185
https://doi.org/10.1002/2017GL072996
https://doi.org/10.1002/2017GL072996


Investigating Europa’s Habitability with the Europa Clipper Page 43 of 44 81

Zolotov MY (2008) Oceanic composition on Europa: constraints from mineral solubilities. In: Lunar and
planetary institute science conference, p 2349

Zolotov MY (2020) The composition and structure of Ceres’ interior. Icarus 335:113404. https://doi.org/10.
1016/j.icarus.2019.113404

Zolotov MY, Kargel JS (2009) On the chemical composition of Europa’s icy shell, ocean, and underlying
rocks. In: Pappalardo RT, McKinnon WB, Khurana KK (eds) Europa. University of Arizona Press,
Tucson, pp 431–458

Zolotov MY, Shock EL (2001) Composition and stability of salts on the surface of Europa and their oceanic
origin. J Geophys Res, Planets 106(E12):32815–32827. https://doi.org/10.1029/2000JE001413

Zolotov MY, Shock EL (2003) Energy for biologic sulfate reduction in a hydrothermally formed ocean on
Europa. J Geophys Res 108(E4):5022. https://doi.org/10.1029/2002JE001966

Zolotov MY, Shock EL (2004) A model for low-temperature biogeochemistry of sulfur, carbon, and iron on
Europa. J Geophys Res, Planets 109(6):1–16. https://doi.org/10.1029/2003JE002194

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Authors and Affiliations

Steven D. Vance1 · Kathleen L. Craft2 · Everett Shock3 · Britney E. Schmidt4 ·
Jonathan Lunine4 · Kevin P. Hand1 · William B. McKinnon5 · Elizabeth M. Spiers6 ·
Chase Chivers6,7 · Justin D. Lawrence6,8 · Natalie Wolfenbarger9 · Erin J. Leonard1 ·
Kirtland J. Robinson10 · Marshall J. Styczinski1 · Divya M. Persaud1 ·
Gregor Steinbrügge1 · Mikhail Y. Zolotov3 · Lynnae C. Quick11 · Jennifer E.C. Scully1 ·
Tracy M. Becker12 · Samuel M. Howell1 · Roger N. Clark13 · Andrew J. Dombard14 ·
Christopher R. Glein12 · Olivier Mousis15 · Mark A. Sephton16 · Julie Castillo-Rogez1 ·
Francis Nimmo17 · Alfred S. McEwen18 · Murthy S. Gudipati1 · Insoo Jun1 ·
Xianzhe Jia19 · Frank Postberg20 · Krista M. Soderlund9 · Catherine M. Elder1

� S.D. Vance
Steven.D.Vance@jpl.nasa.gov

1 Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, USA

2 Applied Physics Laboratory, Johns Hopkins University, Laurel, MD, USA

3 School of Earth & Space Exploration and School of Molecular Sciences, Arizona State University,
Tempe, AZ, USA

4 Department of Astronomy and Department of Earth & Atmospheric Sciences, Cornell University,
Ithaca, NY, USA

5 Department of Earth and Planetary Sciences and McDonnell Center for the Space Sciences,
Washington University in St. Louis, Saint Louis, MO, USA

6 School of Earth and Atmospheric Sciences, Georgia Institute of Technology, Atlanta, GA, USA

7 Applied Ocean Physics and Engineering, Woods Hole Oceanographic Institution, Woods Hole,
MA, USA

8 Honeybee Robotics, Altadena, CA, USA

9 Institute for Geophysics, John A. and Katherine G. Jackson School of Geosciences, University of
Texas at Austin, Austin, TX, USA

10 Beyond Center, Arizona State University, Tempe, AZ, USA

11 NASA Goddard Space Flight Center, Greenbelt, MD, USA

https://doi.org/10.1016/j.icarus.2019.113404
https://doi.org/10.1016/j.icarus.2019.113404
https://doi.org/10.1029/2000JE001413
https://doi.org/10.1029/2002JE001966
https://doi.org/10.1029/2003JE002194
mailto:Steven.D.Vance@jpl.nasa.gov


81 Page 44 of 44 S.D. Vance et al.

12 Southwest Research Institute, San Antonio, TX, USA

13 Planetary Science Institute, Tucson, AZ, USA

14 Dept. of Earth and Environmental Sciences, University of Illinois Chicago, Chicago, USA

15 Aix Marseille Université, CNRS, LAM (Laboratoire d’Astrophysique de Marseille), Marseille,
France

16 Impacts and Astromaterials Research Centre, Department of Earth Science and Engineering,
Imperial College London, London, United Kingdom

17 Department of Earth and Planetary Sciences, University of California, Santa Cruz, CA, USA

18 Lunar and Planetary Laboratory, University of Arizona, Tucson, AZ, USA

19 Department of Climate and Space Sciences and Engineering, University of Michigan, Ann Arbor,
MI, USA

20 Institut für Geologische Wissenschaften, Freie Universität Berlin, Berlin, Germany


	Investigating Europa’s Habitability with the Europa Clipper
	Abstract
	Habitability of Europa
	What Is Habitability?
	How Europa Clipper Will Assess Habitability

	Measurements to Investigate Europa as a Potentially Habitable System
	Europa as a System
	How Europa’s Formation and Evolution Determined the Distribution of Its Elements and Energy
	Energy from Tidal Heating
	Elements for Life in Physical and Chemical Context: Is There Something to Eat?
	Drivers of Energetic Disequilibria
	Habitability Through Time

	Potentially Habitable Environments Within Europa and How Europa Clipper Will Study Them
	Within the Ice
	Within the Ocean
	At the Seafloor

	Europa Clipper as a Precursor for a Future Landed Mission
	Conclusion
	Acknowledgements
	References
	Authors and Affiliations


