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1 EXECUTIVE SUMMARY

Some 400 years
ago, discovery of
the  four large

moons of Jupiter by
Galileo Galilei
changed our view of
the universe
forever. Today
Jupiter  is the
archetype for the
giant planets of our
solar system, and for the numerous giant
planets now known to orbit other stars, and
Jupiter’s diverse Galilean satellites—three of
which are believed to harbor internal oceans—
are central to understanding the habitability of
icy worlds.

Figure 1-1. Europa and its
parent planet Jupiter.

By investigating the Jupiter system, and by
unraveling the history of its evolution from
initial formation to the emergence of possible
habitable environments, insight is gained into
to how giant planets and their satellite systems
form and evolve. Most important, new light is
shed on the potential for the emergence and
existence of life in icy satellite oceans.

Europa and Ganymede are believed to be
internally active and harbor internal salt-water
oceans. Europa (Figure 1-1) is believed to
have a saltwater ocean beneath a relatively thin
and geodynamically active icy shell.
Ganymede is believed to have a liquid ocean
sandwiched between a thick ice shell above
and high-density ice below, and it is the only
satellite known to have an intrinsic magnetic
field. These satellites are straddled by Io (the
Solar System’s most volcanically active body)
and Callisto (which may also harbor a deep
ocean), key satellite end-members that tell of
the origin and evolution of the Jupiter system.
Connections to Jupiter’s atmosphere and
magnetosphere are also key to understanding
how gas giant planets and their satellites
evolve. A new flagship-class mission to the

1-1
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Jupiter system and its satellites is required to
address top priority scientific questions at
Europa, Ganymede, and the Jupiter system.

The Europa Jupiter System Mission (EJSM)
would be an international mission with an
architecture of two independently launched
and operated flight elements. Its theme and
goals are derived from the US National
Research Council’s Planetary Science Decadal
Survey [SSB 2003] and the ESA Cosmic
Vision document [ESA 2005]. These reports
emphasize as key questions for solar system
exploration: 1) the origin and evolution of
habitable worlds, and 2) processes operating
within the solar system.

1.1  Science Theme, Goals, and Objectives
An extensive international effort involving
scientists from more than half a dozen
countries established the EJSM overarching
theme as:

The emergence of habitable worlds around
gas giants.

The Joint Jupiter Science Definition Team
(JJSDT) was chartered to define the goals and
objectives for the EJSM concept. The JISDT
was an international group of US, European,
and Japanese scientists, which evaluated the
US National Research Council’s Planetary
Science Decadal Survey [SSB 2003], the ESA
Cosmic Vision [ESA 2005], the NASA 2007
Europa Explorer [Clark et al. 2007] and
Jupiter System Observer studies [Kwok et al.
2007], and the 2007 ESA Laplace Proposal
[Blanc et al. 2007] to establish a
comprehensive and integrated set of goals and
objectives for EJSM addressing the nature and
origin of the Jupiter system, especially its
satellites.

To understand the Galilean satellites as a
system, Europa and Ganymede would be
singled out for detailed investigation. This pair
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of objects provides a natural laboratory for
comparative analysis of the nature, evolution,
and potential habitability of icy worlds. The
primary focus is on in-depth comparative
analysis of their internal oceans, current and
past environments, surface and near-surface
compositions, and geological histories.
Moreover, objectives for studying the other
two Galilean satellites, Io and Callisto, were
also defined. To understand how gas giant
planets and their satellites evolve, broader
studies of Jupiter’s atmosphere and
magnetosphere would round out the Jupiter
system investigation.

The JJSDT worked with engineering teams to
define a two flight element mission to Jupiter
and the Galilean satellites, the Jupiter Europa
Orbiter (JEO) and the Jupiter Ganymede
Orbiter (JGO). Each flight element concludes
their prime mission in orbit at a Galilean
satellite. The JISDT and engineering teams
developed extraordinary mission concepts that
provide extensive Jovian system science as
well as focused icy satellite science, with
Europa and Ganymede as the primary goals.

Europa is essentially a rocky world with an
outer ~100 km layer comprised of a relatively
thin icy shell above a saltwater ocean. Its
ocean is in direct contact with the rocky
mantle below, making it unique among icy
satellites in having a plausible chemical energy
source to support life (Figure 1-2). However,
the details of the processes that shape Europa’s
ice shell, and the fundamental question of its
thickness, are poorly known.

The science goal for the Europa focus portion
of EJSM is:

Explore Europa to investigate its
habitability.
The objectives developed by the JISDT to
address this goal would be primarily addressed
by JEO, with secondary support from JGO:

November 15, 2010

Figure 1-2. The NASA Jupiter Europa Orbiter would
address the fundamental issue of whether Europa’s ice
shell is ~few km (left) or >30 km (right), with different
implications for processes and habitability. In either case,
the ocean is in direct contact with the rocky mantle below,
which can infuse the chemical nutrients necessary for life.

= Characterize the extent of the ocean and its
relation to the deeper interior.

* Characterize the ice shell and any
subsurface ~ water, including  their
heterogeneity, and the nature of surface-
ice-ocean exchange.

* Determine global composition,
distribution, and evolution of surface
materials, especially as related to
habitability.

» Understand the formation of surface
features, including sites of recent or

current activity, and identify and
characterize candidate sites for potential
future in situ exploration.

» Characterize the local environment and its
interaction with the Jovian magnetosphere.

Ganymede is believed to have a liquid ocean
sandwiched between a thick ice shell above
and high-density ice polymorphs below, more
typical of volatile-rich icy satellites. It is the
only satellite known to have an intrinsic
magnetic field, which makes the Ganymede-

1-2
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Jupiter magnetospheric interactions unique in
our solar system (Figure 1-3).

Figure 1-3. The ESA Jupiter Ganymede Orbiter

would determine how Ganymede’'s unique
magnetic field interacts with Jupiter’s, how the
interactions vary with time, and the role of a
convecting core and internal ocean.

The science goal for the Ganymede focus of
EJSM is:

Characterize Ganymede as a planetary
object including its potential habitability.

The objectives to meet this goal would be
addressed primarily by JGO, with secondary
support from JEO:

= (Characterize the extent of the ocean and its
relation to the deeper interior.

= Characterize the ice shell.

= Characterize the local environment and its
interaction with the Jovian magnetosphere.

= Understand the formation of surface
features and search for past and present

activity.

=  Determine global composition,
distribution, and evolution of surface
materials.

November 15, 2010

The jovian system, including Jupiter, its
satellites, and the magnetic field and particle
environment, constitutes a model for the
evolution of planetary systems, including that
of our Sun and those being discovered around
other stars.

The Galilean satellites formed out of the
Jovian circumplanetary disk and have since
evolved through complex interactions with the
other satellites, Jupiter, and Jupiter’s
magnetosphere.

Europa and Ganymede cannot be understood
in isolation, but must be considered in the
context of the entire Jovian system, through
study of its parent planet Jupiter, its sibling
satellites and the magnetic field and particle
environment.

The science goal for the Jupiter system focus
of EJSM is:

Explore the Jupiter System as an
archetype for gas giants.

The objectives to meet this goal, as
categorized into satellites, magnetosphere, and
Jupiter objectives, would be addressed by both
JEO and JGO:

Satellites objectives:

A. Study Io's active dynamic processes.

B. Study Callisto as a witness of the early
Jovian system.

C. Characterize the rings and small satellites.

Magnetosphere objectives:

A. Characterize the magnetosphere as a fast
magnetic rotator.

B. Characterize the magnetosphere as a giant
accelerator.

C. Understand the moons as sources and sinks
of magnetospheric plasma.

1-3
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Jupiter objectives:

A. Characterize the atmospheric dynamics
and circulation.

B. Characterize the atmospheric composition
and chemistry.

C. Characterize
structure.

the atmospheric vertical

The two-spacecraft architecture of EJSM
would provide for significant and unique
science opportunities for complementary and
synergistic science, which could not be
accomplished by either spacecraft alone.
Details would depend on the mission profiles
and instrument complement of the respective
spacecraft. Coordinated observations from two
locations within the Jupiter system would
significantly enhance the science return with
respect to both mission elements taken
individually. The joint timeline of the two
spacecraft would be optimized to offer many
opportunities  for  complementary  and
synergistic science, for example combining
remote sensing with in situ measurements, or
observations of the same target with different
geometries and/or capabilities.

1.2 Science Strategy and Implementation

1.2.1  JEO Science Implementation

To demonstrate that the science objectives of
the JEO component of EJSM could be
achieved with the types of instruments
currently available, the JJISDT performed the
exercise to assemble a model payload
consisting of ten instruments along with use of
the spacecraft X-band and Ka-band
telecommunications systems for radio science.
JEO’s model payload consists of a Laser
Altimeter, an Ice Penetrating Radar, a Visible-
Infrared  Spectrometer, an  Ultraviolet
Spectrometer, a Thermal Instrument, a
Narrow-Angle Camera, a Camera Package
containing medium-angle and wide-angle
cameras, an JIon and Neutral Mass

November 15, 2010

Spectrometer, a Magnetometer and a Particle
and Plasma Instrument.

The reference JEO mission would be 9 months
at Europa. As a risk mitigation strategy, and to
ensure sufficient time to follow up on
discoveries, the primary science hypotheses
would be addressed in 100 days in Europa
orbit (= 28 eurosols =~ 3 months). The desired
orbit is nearly circular, with an orbital
inclination of 80° to 85° (or the retrograde
equivalent of ~95° to 100°). The optical
remote sensing instruments would be nadir-
pointed and mutually boresighted. The initial
orbital altitude would be 200 km, then reduced
to 100 km altitude after 28 eurosols to meet
the requirements of gravity, altimetry,
magnetometry, and radar. The orbit would not
be quite sun-synchronous but precesses
slowly, such that the orbit does not exactly
repeat the same ground track but allows
instrument fields of view to overlap with
previous tracks. Thus, the orbit would be near-
repeating after several eurosols, within about
1° of longitude at the equator. The solar
incidence angle would be nominally 45°
(2:30 p.m. orbit) at the start of the Europa
orbital science, as the best compromise to the
requirements of imaging and spectroscopic
optical remote sensing measurements.

Significant Jupiter system science would be
enabled by the Jovian tour, which lasts
approximately 2.5 years prior to Europa orbit
insertion. The model payload would provide
the capability for meeting Jupiter system
science objectives, tracking Jupiter and the
other Galilean satellites to accomplish
observations during the Jovian tour phase.
However, as a lower priority objective, Jupiter
system science generally would not impose
strong constraints on the spacecraft itself, with
the exception of the addition of an Ultra-Stable
Oscillator (USO) to derive the properties of
the satellites’ atmospheres and ionospheres
from radio occultations.

1-4
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The JEO mission has developed operational
scenarios for both the Jovian Tour and the
Europa Science mission phases. The
preliminary tour scenarios show robust data
volume margins and frequent opportunities to
conduct the science campaigns defined by the
JISDT. Europa science scenarios are robust to
achieve the science objectives with the
planning payload.

The long mission duration at Jupiter and
especially at Europa would enable significant
flexibility of science scenarios to achieve
mission science goals and cope with possible
radiation based anomalies, and allowed a more
diverse set of measurements and investigations
in the final Europa science campaigns.

122 JGO Science Implementation

To show that the science objectives of the JGO
component of EJSM could be achieved, the
JISDT identified instrument types that are
currently available to assemble a model
payload. The JGO model payload would
consist of 11 instruments and includes: a Laser
Altimeter, a Radio Science Instrument, an Ice
Penetrating Radar, a Visible Infrared
Hyperspectral Imaging Spectrometer, an
Ultraviolet Imaging Spectrometer, a Narrow
Angle Camera, a Wide Angle Camera, a
Magnetometer, a Plasma Instrument - Ion
Neutral Mass Spectrometer, a Sub-millimeter
Wave Instrument, and a Radio and Plasma
Wave Instrument.

To achieve the science goals, the configuration
of the JGO spacecraft is driven by the long
distance to Jupiter, the high Av, the need to
protect equipment from the intense radiation
field, resulting in grouping of instrument and
spacecraft hardware, and by the requirement of
using solar electric power generation, resulting
in a large area of solar arrays. Furthermore, to
optimize the data downlink rate, a large high
gain antenna is included in the baseline. Due
to its remote sensing and in Situ exploration
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requirements, a three-axis stabilized spacecraft
1s assumed.

The JGO interplanetary trajectory uses gravity
assists (Venus-Earth-Earth and Earth-Venus-
Earth-Earth for baseline and backup launches,
respectively), and following Jupiter Orbit
Insertion (JOI), uses the two outer Galilean
moons, Callisto and Ganymede for shaping the
trajectory within the Jupiter system. Science
observations are assumed to be carried out
during the flybys of the Jovian moons. In
addition, to allow for an extended exploration
of Callisto and allowing for extended
exploration of the Jupiter magnetosphere in
this key region, a series of resonant orbits with
Callisto is assumed, which is designed such
that at least 9 Callisto flybys would be
performed.

Finally the spacecraft would be transferred
into an elliptical orbit around Ganymede,
which would be circularized and reduced in
altitude, until final deposition on Ganymede’s
surface.

The phases of the mission would include:
* Launch and interplanetary  cruise

(5.9 years, 7.1 years for the backup launch
date);

= Jupiter orbit insertion, and energy
reduction for transfer to  Callisto
(179 days);

= (Callisto science phase (388 days);
» Transfer to Ganymede (240 days);
* Ganymede science phase (300 days).

The Ganymede science phase would be
comprised of three different types of orbits,
which are driven by the requirements of
remote sensing at specific illumination
conditions, magnetospheric sampling, and the
constraint to avoid Ganymede eclipses that
would require oversizing the solar panels. The
eclipse duration in Ganymede orbit is a
consequence of the combination of spacecraft

1-5
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altitude and sun declination relative to the
plane of its orbit resulting at given altitude in
longer eclipse durations for smaller sun
declination values. For close to polar
Ganymede orbits, the orbital plane of the
spacecraft would rotate around the pole as a
function of inclination due to the influence of
Ganymede’s  oblateness and  Jupiter’s
attraction. This was used to design the orbit
such that lower altitudes could be realized later
during this phase, while still avoiding sun
eclipses, allowing for a sequence of orbits with
decreasing altitudes. Due to the high apocenter
of the elliptical orbit, perturbation by Jupiter is
significant, and would cause the orbit to
quickly evolve. The argument of pericenter
was chosen such that this evolution leads to a
circular orbit within about 20 days, where it
would remain at an altitude of 5000 km, which
would be maintained for about 80 days, and
then the eccentricity would increase until a
suitable point for injection into a 500 km
altitude circular orbit is reached.

When a suitable altitude is reached, a
maneuver would be applied to arrive at a
circular 500 km altitude orbit, where the
spacecraft would operate for 120 days, and the
final orbit of 200 km altitude would be
obtained. After nominal operations of at least
60 days, orbit maintenance would be
discontinued, and the spacecraft would be left
in an orbit with natural growth of eccentricity
until final disposition on Ganymede’s surface.
In this final phase the orbit would be very
close to polar (deviation <I1°). Mission
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extension would be possible based on
remaining consumables and spacecraft health.

The JGO mission has developed a robust
strategy for both the Jovian Tour and the
Ganymede science mission phase. Analysis
shows adequate flight system capability and
tour observation opportunities to perform the
science campaigns defined by the JJSDT. The
Ganymede observation strategy would provide
a means to achieve the science objectives with
the planning payload. The mission phases,
both at Jupiter and in Ganymede orbit, would
enable science scenarios to achieve mission
science objectives.

1.3 Conclusion

NASA’s Solar System Exploration Decadal
Survey and ESA’s Cosmic Vision strategic
document both emphasize the exploration of
the Jupiter system to investigate the emergence
of habitable worlds. The NASA-ESA
collaborative approach to the exploration of
Europa, Ganymede, and the Jupiter system
would make possible the next leap in
understanding the origin and evolution of
habitable worlds and processes operating
within the solar system. The exploration of the
Jupiter System by EJSM would provide
invaluable insights into our own solar system’s
evolution and into planetary habitability
throughout the universe, potentially bringing
about paradigm shifts in our knowledge of the
emergence of habitable worlds around gas
giants.
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2 EJSM OVERVIEW

The Joint Jupiter Science Definition Team
(JJSDT) was chartered to define the goals and
objectives for the EJSM. The JISDT was an
international group of US, European, and
Japanese scientists, which evaluated the US
National Research Council’s Planetary Science
Decadal Survey [SSB 2003], the ESA Cosmic
Vision [ESA 2005], the NASA 2007 Europa
Explorer [Clark et al. 2007] and Jupiter
System Observer studies [Kwok et al. 2007],
and the 2007 ESA Laplace Proposal [Blanc et
al. 2007] to establish a comprehensive and
integrated set of goals and objectives for
EJSM addressing the nature and origin of the
Jupiter system, especially its satellites.

In 2007, NASA performed two Jupiter mission
concept studies: Europa Explorer and Jupiter
System Observer. At the same time, an ESA
Jupiter proposal, Laplace, was submitted to the
Cosmic Vision Programme call. In 2008, the
previous 2007 Europa Explorer studt was
updated to include Jupiter system science, to
begin executing risk reduction activities
related to radiation and planetary protection,
and to work with ESA. This resulted in the
2008 joint Europa Jupiter System Mission
(EJSM), composed of the NASA Jupiter
Europa Orbiter (JEO) and the ESA Jupiter
Ganymede Orbiter (JGO). In February 2009,
NASA and ESA prioritized EJSM as the next
Outer Planets Flagship Mission.

In 2010, NASA and ESA chartered the JJISDT
with the following tasks, which formed the
basis for its work this year:

= Recommend the science content of the
EJSM as a whole and the JEO and JGO
components in terms of a hierarchy of
science goals, objectives, investigations,
and measurements;

= Advise on a planning payload for both the
notional JEO and JGO spacecraft;
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* Produce a traceability matrix linking the
science hierarchy, planning payloads,
reference science operation scenarios and
observation campaigns, and key mission
requirements (defined as the baseline
science mission);

» Provide a Science Requirements Document
describing quantitative, science-derived
requirements for the JGO component and
aspects of JEO that affect JGO;

= Jterate the science requirements within the
constraints and resources emerging from
the JGO industrial studies to contain the
overall mission cost within an L-Class
envelope;

» Improve the definition, fidelity, and
realism of JEO-JGO synergistic science;

= Refine the prioritized science requirements
for the Jovian-tour phase for a two-
spacecraft scenario.

This task list forms the basis for this report,
and the companion ESA Assessment Study
("Yellow Book") Report (ESA/SRE 2011).

The architecture of two independently
launched and operated flight elements was a
result of both the 2007 NASA and ESA
studies. All studies of mission architectures
performed over the past decade to address
investigation of a putative Europan ocean have
concluded that a Europa orbiter is an essential
element; thus, the NASA component was
determined as the JEO. The ESA component,
Jupiter Ganymede Orbiter (JGO), was
determined by the JISDT as the most critical
complementary component of EJSM, in
response to the Cosmic Vision L-Class call.

While the focus of this report is JEO,
discussion of the implementation of the ESA
element, JGO, is summarized in §5.2. Further
details on the integrated EJSM and on
specifics JGO mission element are provided in
the companion “Yellow Book™ JJSDT report
to ESA.

2-1
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The international JJSDT established the EJSM
overarching theme as:

The emergence of habitable worlds
around gas giants.

To understand the Galilean satellites as a
system, Europa and Ganymede are identified
for detailed investigation. These objects
provide a natural laboratory for comparative
analysis of the nature, evolution, and potential
habitability of icy worlds. The primary focus is
in-depth comparative analysis of their internal
oceans, current and past environments, surface
and near-surface compositions, and geological
histories. Moreover, objectives for studying
the other two Galilean satellites, Io and
Callisto, were defined. To understand how gas
giant planets and their satellites evolve,
broader studies of Jupiter’s atmosphere and
magnetosphere would round out the Jupiter
system investigation.

The JJISDT worked with the engineering teams
to define a two flight element mission to
Jupiter and the Galilean satellites, with each
flight element ending their prime mission in
orbit at a Galilean satellite, one at Europa and
one at Ganymede. The JJSDT and engineering
team developed an extraordinary mission
concept, which provides extensive Jupiter
system science as well as focused icy satellite
science.

Europa is essentially a rocky world with an
outer layer, about 100 km thick, consisting of a
relatively thin icy shell above a saltwater
ocean. Its ocean is in direct contact with the
rocky mantle below, making it unique among
icy satellites in having a plausible chemical
energy source to support life. However, the
details of the processes that shape Europa’s ice
shell, and fundamental question of its
thickness, are poorly known.
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The science goal for the Europa focus portion
of EJSM is:

Explore Europa to investigate its
habitability.

The objectives developed by the JISDT to
address this goal would be primarily addressed
by JEO, with secondary support from JGO:

A. Characterize the extent of the ocean and its
relation to the deeper interior;

B. Characterize the ice shell and any
subsurface ~ water, including  their
heterogeneity, and the nature of surface-
ice-ocean exchange;

C. Determine global composition,
distribution, and evolution of surface
materials, especially as related to
habitability;

D. Understand the formation of surface
features, including sites of recent or

current activity, and identify and
characterize candidate sites for future in
situ exploration;

E. Characterize the local environment and its
interaction with the Jovian magnetosphere.

Ganymede is believed to have a liquid ocean
sandwiched between a thick ice shell above
and high-density ice polymorphs below, more
typical of volatile-rich icy satellites.

It is the only satellite known to have an
intrinsic magnetic field, which makes the
Ganymede-Jupiter magnetospheric interactions
unique in our solar system.

The science goal for the Ganymede focus of
EJSM is:
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Characterize Ganymede as a planetary
object including its potential habitability.

The objectives to meet this goal are would be
primarily addressed by JGO, with secondary
support from JEO:

A. Characterize the extent of the ocean and its
relation to the deeper interior;

B. Characterize the ice shell;

C. Characterize the local environment and its
interaction with the Jovian magnetoshere;

D. Understand the formation of surface
features and search for past and present
activity;

E. Determine global composition, distribution
and evolution of surface materials.

The Jupiter system is the largest coupled
planetary system within our solar system, and
has been referred to as a “miniature solar
system.” Within this enormous system exists a
multitude of diverse objects: Jupiter itself,
more than 60 outer irregular small satellites (1
to 100 km class objects), the four large
Galilean satellites, the four inner satellites
Metis, Adrastea, Amalthea and Thebe (10-100
km class objects), and the Jovian ring system
located in the inner regions. In addition to
interest in understanding the physical
characteristics of the individual objects
described above, there is a strong desire to
understand how the components are coupled
and continuously interact. The entire system is
intricately linked through gravitational and
electromagnetic interactions, and atmospheric
coupling  processes. The  electrically
conducting sub-surface oceans at the Galilean
satellites, for example, interact with the
rotating magnetic field of Jupiter to produce
induced field signatures, providing vital
information on their characteristics.

Active volcanoes on the moon lo interact with
the surrounding magnetosphere producing the

November 15, 2010

Io plasma torus and providing the dominant
plasma source for the entire magnetospheric
system. The electromagnetic effect of the
comet-like addition of plasma mass into the
system is felt both locally and globally
throughout the system. Jupiter’s gravitational
interaction with the satellites gives rise to tidal
heating in the satellites and redistributes
rotational and orbital energy between the
Galilean moons and Jupiter due to the unique
Laplace orbital resonance, in which the orbital
periods of Io, Europa, and Ganymede are kept
in a ratio of 4:2:1. Gravitational interaction in
the Laplace resonance is not only responsible
for Io’s volcanism but also plays a role in
maintaining a subsurface ocean close to the
surface of Europa on geological timescales.

The intrinsic magnetic field of Ganymede
couples with the surrounding Jovian
magnetosphere to form a magnetosphere in
miniature within the Jovian system. The
Jovian particle environment interacts with the
surfaces of the Galilean moons in a variety of
ways depending on the shielding (or
otherwise) of particles from the surfaces
through differing electromagnetic interactions.

The exploration of Jupiter’s dynamic
atmosphere has played a pivotal role in the
development of our understanding of our Solar
System, serving as the paradigm for the
interpretation of planetary systems around
other stars and as a fundamental laboratory for
the investigation of large-scale geophysical
fluid dynamics and the many physiochemical
phenomena evident on the gas giant planets.
Our characterization of this archetypal gas
giant system remains incomplete, however,
with many fundamental questions unanswered.

The science goal for the Jupiter system focus
of EJSM is:

2-3
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Explore the Jupiter system as an
archetype for gas giants.

The objectives to meet this goal, as
categorized into satellites, magnetosphere, and
Jupiter objectives, would be addressed by both
JEO and JGO.

Satellites objectives:

A. Study Io's active dynamic processes;

B. Study Callisto as a witness of the early
Jovian system,;

C. Study the rings and small satellites.

Magnetosphere objectives:

A. Characterize the magnetosphere as a fast
magnetic rotator;

B. Characterize the magnetosphere as a giant
accelerator;

C. Understand the moons as sources and sinks
of magnetospheric plasma.
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Jupiter objectives:

A. Characterize the atmospheric dynamics
and circulation;

B. Characterize the atmospheric composition
and chemistry;

C. Characterize
structure.

the atmospheric vertical

The two-spacecraft architecture of EJSM
would provide significant and unique science
opportunities  for = complementary  and
synergistic science, which could not be
accomplished by either spacecraft alone. Such
advances could come in the areas of
magnetospheric studies, Jupiter atmosphere
monitoring, satellite remote sensing, and rings
and small satellite studies. Such unique
science includes characterization of the spatial
and temporal variability of the magnetic field,
Jovian atmospheric and ring studies through
spacecraft-to-spacecraft radio occultations, and
satellite ~ and  Jupiter remote  sensing
incorporating a range of viewing geometries.

2-4
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3 JJISDT AND PROCESS

The Joint Jupiter Science Definition Team
(JJSDT) was appointed by NASA and ESA to
formulate the overarching science theme and
goals for the Europa Jupiter System Mission
(EJSM). Specific objectives were identified
along with the investigations and example
measurements that the mission should achieve
in order to meet these science goals. To carry
out this task, JJSDT members and chairs were
appointed from the scientific community to
represent the broad range of interests (Table
3-1). Some of the JJSDT members were drawn
from the science definition teams from
previous Europa and Jupiter system mission
studies.

The general approach of the JJISDT included
reviews of the current state of scientific
knowledge for Europa and the other Jupiter
satellites, identification of the key outstanding
questions, discussion of how those questions
could be answered, and identification of the
kinds of experiments that could be carried out
via an orbiter. Presentations were heard from
JJISDT members, and from other individuals
who were invited from the scientific and
engineering ~ communities to  provide
complementary expertise.

The 2009-2010 activities of the JJSDT are
summarized by its charter (see §2). Table 3-2
provides overview of the meetings and related
activities during the current study phase—
from the spring of 2009 through November
2010. Upon submission of this report to NASA
and ESA, the JISDT will be disbanded in
preparation for the Announcement of
Opportunity for the JEO payload. Throughout
the study, NASA and ESA technologists
worked closely with the science team; this
resulted in a mission concept that was realistic
within anticipated resources while preserving
the high-level scientific objectives.

3-1

November 15, 2010

For the present phase, the scope and the
membership of the JJSDT was expanded and
modified from that of the 2008 study. Based
on the range of deliverables outlined in the
SDT charter, additional scientific members
with required expertise from NASA and ESA,
including some members of the 2008 Titan
Saturn System Mission study, were added to
the team. In terms of science activities,
emphasis has been on refinement of the
combined JEO-JGO investigations for EJSM.
Substantial work was conducted to determine
the complementary and synergistic science
that could be achieved by having two orbiters
in operation at the same time in the Jupiter
system. This has resulted in a Traceability
Matrix (§4.3) that merges the work for JEO
and JGO into a single EJSM mission concept.

To perform its tasks, the JJSDT was organized
into a leadership group, a core group, and the
full JJSDT (Figure 3-1). The Leadership group
consisted of the JJSDT Co-chairs, the Study
Scientists and their Deputies, and the Study
Leads from NASA and ESA. The Core group
included the NASA and ESA Co-Chairs from
each Discipline Working Group (Table 3-3),
and the Leadership group. Some contributions
to the Cross-Cutting Working Groups were
drawn from the planetary community in

Core

/ Full JJSDT \

Science Community

Figure 3-1. Schematic representation of the JJSDT
organizational structure.
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addition to the JJSDT. The Satellites Working
Group was further divided into subgroups to
address specific aspects of FEuropa and
Ganymede science.

In addition to the standing groups outlined
above, ad hoc committees were formed to
assess special topics, including the potential
science to be gained from “dual-spacecraft”
communication between JEO and JGO, the
possible science to be gained from a “Gravity
Advanced Package” (GAP), and the possibility
of JEO accommodating a simple Europa
surface element (see Appendix A).

The harsh radiation environment of the Jupiter
system, especially near Europa, poses special
requirements on spacecraft components and
instruments. To inform the scientific
community and potential instrument proposers
on radiation and other EJSM issues, a series of
instrument workshops were held. During
2009-2010, two were held in the United States
and one was held in Europe (Table 3-2). These
were organized by JPL-APL and ESA
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technologists, and provided the opportunity for
participants to ask specific questions and
actively engage both ESA and the JEO pre-
project. Workshop materials are posted on-line
at:

= http://opfm.jpl.nasa.gov/europajupitersyste
mmissionejsm/instrumentresources

= http://sci.esa.int/science-
e/www/object/index.cfm?fobjectid=46393

Throughout the JJSDT activities, the planetary
community was solicited for input and
informed of the emerging status of EJSM. This
included discussions at meetings of standing
organizations (such as the Outer Planet
Assessment  Group), meetings organized
specifically for EJSM science discussions, and
"Town-Hall" meetings held in conjunction
with other planetary science meetings. In
addition, relevant special sessions were
arranged at planetary science conferences, to
bring attention to the outstanding science
issue.

Table 3-1. Joint Jupiter Science Definition Team

Members Affiliation Expertise

United States JJSDT Membership

Ronald Greeley, Co-Chair

Arizona State University

Europa

Robert Pappalardo, Study
Scientist

Jet Propulsion Laboratory

Europa and Jupiter System

Ariel Anbar Arizona State University Astrobiology
Bruce Bills Jet Propulsion Laboratory Geophysics
Diana Blaney Jet Propulsion Laboratory Composition
Don Blankenship University of Texas Radar/Geophysics
Phillip Christensen Arizona State University Composition
Brad Dalton Jet Propulsion Laboratory Composition
Jody Deming University of Washington Astrobiology
Richard Greenberg University of Arizona Geophysics
Kevin Hand Jet Propulsion Laboratory Astrobiology
Amanda Hendrix Jet Propulsion Laboratory Satellites
Torrence Johnson Jet Propulsion Laboratory Satellites
Krishan Khurana University of California Los Angeles Fields & Paricles
Ralph Lorenz Johns Hopkins University—Applied Physics|Satellites
Laboratory
Essam Marouf San Jose State University Geophysics
Tom McCord Bear Fight Institute Composition
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Members Affiliation Expertise
Melissa McGrath Marshall Space Flight Center Satellites
William Moore National Institute of Aerospace—Hampton|Geophysics
University
Jeffrey Moore Ames Research Center Geology
Francis Nimmo University of California Santa Cruz Geophysics

Chris Paranicas

Johns Hopkins University—Applied Physics
Laboratory

Fields & Particles

Louise Prockter Johns Hopkins University—Applied Physics|Geology
Laboratory

Gerald Schubert University of California Los Angeles Geophysics & Jupiter

David Senske Jet Propulsion Laboratory Satellites

Mark Showalter SETI Institute Rings

Adam Showman University of Arizona Jupiter

Amy Simon-Miller Goddard Spaceflight Center Jupiter Atmosphere

Mitch Sogin Marine Biological Laboratory Astrobiology

Christophe Sotin Jet Propulsion Laboratory Geophysics

John Spencer Southwest Research Institute Satellites

Elizabeth Turtle Johns Hopkins University—Applied Physics|Satellites
Laboratory

Steve Vance Jet Propulsion Laboratory Astrobiology

Hunter Waite Southwest Research Institute Fields & Particles
Europe JJSDT Membership
Michele Dougherty—Co-Chair | Imperial College Fields & Particles

Jean-Pierre Lebreton—Study European Space Agency, ESTEC Plasma Physics
Scientist

Michel Blanc Ecole Polytechnique Magnetospheres
Emma Bunce University of Leicester Fields & Particles
Andrew Coates University College London Fields & Particles
Angioletta Coradini Institute for Interplanetary Space Physics Origins

Athena Coustenis Paris-Meudon Observatory Jupiter System
Pierre Drossart LESIA/Observatory of Paris Jupiter Atmosphere
Leigh Fletcher Oxford University Jupiter Atmosphere
Olivier Grasset University of Nantes Satellites

Hauke Hussmann German Center for Aerospace (DLR) Geophysics

Ralf Jaumann German Center for Aerospace (DLR) Satellites

Norbert Krupp Max Planck Institute for Solar System Research |Fields & Particles
Olga Prieto-Ballesteros Center of Astrobiology—INTA-CSIC Astrobiology

Dima Titov Max Planck Institute for Solar System Research |Jupiter System
Paolo Tortora University of Bologna Radio Science
Federico Tosi Institute for Interplanetary Space Physics Composition

Tim Van Hoolst Royal Observatory of Belgium Satellites

Japan JJSDT Membership

Masaki Fujimoto

Institute of Space and Astronautical Science /
Japan Space Exploration Agency

Fields & Particles

Yasumasa Kasaba Tohoku University Fields & Particles
Sho Sasaki National Observatory of Japan Satellites
Yukihiro Takahashi Tohoku University Jupiter

Takeshi Takashima Institute of Space and Astronautical Science /|Fields & Particles

Japan Space Exploration Agency
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Table 3-2. JJSDT Meetings and Workshops, 2009-2010
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Date Event Location
2009 | 2-3 March ESA JGO downselect briefing and SDT meeting Paris, France
25 March ad hoc JJISDT meeting in conjunction with the Lunar | The Woodlands, Texas,
and Planetary Science Conference USA
21-22 April ad hoc JJISDT meeting, in conjunction with the | Vienna, Austria
European Geophysical Union conference
13 July JISDT meeting Columbia, MD, USA
15-16 July 2nd EJSM Instrument Workshop Columbia, MD, USA
18-19 September | ad hoc JJSDT meeting, in conjunction with EPSC Potsdam, Germany
2010 | 18-20 January 3rd EJSM Instrument Workshop Noordwijk, The Netherlands
27-29 January JJISDT meeting Monrovia, CA, USA
5-6 May ad hoc JJISDT meeting, in conjunction with the | Vienna, Austria
European Geophysical Union conference
17-19 May ESA EJSM Science Open Community Workshop Noordwijk, The Netherlands
23-26 June JJISDT meeting Noordwijk, The Netherlands
27-29 July 4th EJSM Instrument Workshop Los Angeles, CA, USA
Table 3-3. EJSM Working Groups
Working Group European Co-Chair US Co-Chair Ja;c):?]r;ifo-
Satellites H. Hussmann D. Senske
Geophysics H. Hussmann B. Bills
Composition . T. McCord
F. Tosi Chris Christensen
Ice O. Grasset D. Blankenship
Geology R. Jaumann J. Moore
Local Environment A. Coates M. McGrath
Jupiter P. Drossart, L. Fletcher |A. Simon-Miller
Magnetospheres N. Krupp K. Khurana
Jupiter System T. Van Holst M. McGrath
E. Bunce M. Showalter
Origins . W. Moore
A. Coradini H. Waite
Astrobiology O. Prieto-Ballesteros K. Hand
Cosmic connections and Interdisciplinary links |M. Blanc M. Fujimoto
A. Coustenis
Radio Sciences and Techniques P. Tortora E. Marouf
Education and Outreach M. Blanc R. Greeley
A. Coustenis L. Prockter

Note: ad hoc JJSDT meetings typically involved a subset of the core group.
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4 SCIENCE GOALS AND OBJECTIVES

4.1 Relevance of Europa, Ganymede, and
Jupiter System Exploration

Four hundred years after Galileo Galilei’s

discovery of Jupiter’s moons advanced the

Copernican revolution, these moons have the

potential for discoveries just as profound.

Europa is believed to have a saltwater ocean
beneath a relatively thin and geodynamically
active icy shell (Figure 4-1). Europa is unique
among the large icy satellites because its ocean
is in direct contact with its rocky mantle,
where the conditions could be similar to those
on Earth’s biologically rich sea floor. The
discovery of hydrothermal zones on Earth’s
sea floor suggests that such areas are excellent
habitats, powered by energy and nutrients that
result from reactions between the seawater and
silicates. Consequently, Europa is a prime
candidate in the search for present-day
habitability and life in the solar system.

Figure 4-1. Europa’s surface shows a landscape
scarred by tectonic and cryomagmatic events. This
image of the Conamara Chaos region at 11 m/pixel
shows how parts of the surface have been broken up
into giant plates. This feature overlies and cuts
across other types, indicating that the event
happened in Europa’s most recent geological epoch.

4-1
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Figure 4-2. JGO would determine how Ganymede’s
unique magnetic field interacts with Jupiter’s, how
the interactions vary with time, and the role of a
convecting core and internal ocean.

However, the details of the processes that
shape Europa’s ice shell, and the exchange
processes between the surface and ocean, are
not well understood.

Ganymede is believed to have a liquid ocean
sandwiched between a thick ice shell above
and high-density ice polymorphs below, more
typical of volatile-rich icy satellites. It is the
only satellite known to have an intrinsic
magnetic field, which makes the Ganymede-
Jupiter magnetospheric interaction unique in
the solar system (Figure 4-2).

It is now recognized that oceans probably exist
within all three of the icy Galilean moons, and
rocky Io may contain a magma ocean (Figure
4-3). Among these ocean worlds, Europa’s
ocean is believed to be uniquely Earth-like,
because its ocean is likely in direct contact
with its mantle. This is in contrast to the larger
moons Ganymede, Callisto, and Saturn’s large
moon Titan, which have much greater ice
content, meaning that their oceans are
sandwiched between ordinary ice above and
higher-density ices below.
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Figure 4-3. Interior models of the Galilean satellites. lo
(top left) may possess a magma ocean, with tidal
heating creating partially melting interior rock. Europa
(top right) is unique in that its ocean (blue) is believed to
be in direct contact with the rocky mantle below; thus,
Europa’s mantle could supply chemical nutrients
directly to the water to support life. Ganymede (lower
left) is fully differentiated with an iron core, and its
probable subsurface ocean is sandwiched between
ordinary ice above and higher-density ices below.
Callisto (lower right) is also believed to have a
subsurface ocean sandwiched between higher density
and lower density ices, but its interior may be
incompletely differentiated. The satellites are shown to
scale, along with the western edge of Jupiter’s Great
Red Spot (background).

Galileo magnetometer data indicate induced
fields at both Ganymede and Callisto,
indicating ocean layers tens of kilometers thick
beneath about 150 km of ice [Kivelson et al.
2004], consistent with the expected depth to
the ice-water boundary in these moons.
Because Callisto is not tidally heated, it might
require a small amount of interior ammonia to
maintain an ocean within.

411 Europa and Ganymede: Investigating
Habitability

The contemporary ocean of Europa is believed
to provide just the right environment for icy
world habitability, so Europa is the natural
target for the first focused spacecraft
investigation of the habitability of icy worlds.
Its candidate sources of chemical energy for
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life, direct mantle contact, relatively thin ice
shell, and potentially active geology that
brings oceanic material to the surface make it a
recognized top priority for exploration.
Moreover, Ganymede and Callisto provide two
of the three known examples of oceans
“sandwiched” between ice layers. Although
less attractive for habitability, investigating
these oceans is important to understanding the
evolution of large and volatile-rich icy moons.
The Europa Jupiter System Mission would be
the critical first step in understanding the
variety and potential habitability of icy
satellite oceans.

Europa’s high astrobiological potential and its
complex interrelated processes have been
previously recognized by a variety of groups,
including the National Research Council
(NRC) and NASA, which have noted Europa’s
extremely high priority for future exploration,
with To and Ganymede exploration also given
notably high exploration priority.

The likelihood that Europa has a global
subsurface ocean hidden beneath a relatively
young icy surface has profound implications in
the search for past or present life beyond
Earth’s biosphere. Coupled with the discovery
of active microbial life in seemingly extreme
environments [e.g. Rothschild and Mancinelli
2001], Europa takes on new importance as a
primary target for exploring habitable worlds.
Life as we know it (Figure 4-4) depends upon
liquid water, a photo- or chemical-energy
source, complex organics, and inorganic
compounds of nitrogen, phosphorus, sulfur,
iron and certain trace elements. Europa
appears to meet these requirements and is
distinguished by the potential presence of
enormous volumes of liquid water and
geological activity that promotes the exchange
of surface materials with the sub-ice
environment.
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Figure 4-4. Pyramid of habitability. Our present
understanding of the conditions for life could be distilled
down to three broad requirements: 1) a sustained liquid
water environment (internal global oceans, which have
likely existed for 4 Gyr), 2)essential elements (e.g.,
C,H,N,0,P,S) that are critical for building life (derived from
primordial chondritic composition of the satellites, plus
exogenous delivery over time), and 3) a source of energy
that could be utilized by life (surface radiolytic chemistry,
and possible hydrothermal activity driven by tidal
heating). The cycling of chemical energy into an icy
satellite’s ocean over geological time scales is key to
understanding habitability of the satellite. Courtesy Kevin
Hand.

Given current information, we cannot know if
life ever existed or persists today at the icy
Galilean satellites. However, we could
determine whether extant conditions are
capable of supporting living organisms. Key to
this question is the occurrence of liquid water
beneath the icy surface and whether the
geological and geophysical properties of the
satellites could support the synthesis of
organic compounds and provide the energy
and nutrients needed to sustain life.

Inferences from Europa’s young surface and
models suggest that an ocean and
hydrothermal system may lie beneath an ice
shell a few to tens of kilometers thick. Tidal
deformation may drive heating and geological
activity within Europa and Ganymede, and
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there could be brine pockets within the ice
associated with impurities, partial melt zones,
and clathrates. At Europa, the potential
occurrence of hydrothermal systems driven by
tidal heating or volcanic activity could serve as
a favorable environment for prebiotic
chemistry or sustaining microbial
chemotrophic organisms. Cycling of water
through and within the ice shell, ocean, and the
permeable upper rocky mantle could maintain
an ocean rich with oxidants and reductants
necessary for the chemistry of life. In order to
address icy satellite habitability, a better
understanding of the ice shells, oceans, and
deeper interiors is needed.

Radiolytic chemistry on the surface of Europa
is responsible for the production of O,, H,O,,
CO,;, SO,, and other oxidants yet to be
discovered. At present, mechanisms and
timescales for delivery of these materials to
the sub-surface are poorly constrained.
Similarly, cycling of the ocean water through
seafloor minerals could replenish the water
with biologically useful reductants. If much of
the tidal energy dissipation occurs in the
mantle, then there could be significant cycling
between the ocean water and rocky mantle.
Conversely, if most of the tidal dissipation
occurs in the ice shell, then the ocean water
could be depleted in the reductants needed for
biochemistry. Chemical cycling of energy on
Europa is arguably the greatest uncertainty in
the ability to assess its potential habitability.

Geophysical measurements by EJSM would
set constraints on the potential habitability of
the icy Galilean satellites. A high priority is to
characterize the oceans of Europa and
Ganymede and their dynamic relationships
with the overlying ice shell, including the
nature  of  surface-ice-ocean  exchange.
Assessments of the geochemical environment
would directly address the issue of whether the
chemistry of these satellites is compatible with
habitability.
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Remote sensing measurements could focus on
relative terrain ages and chemical composition,
and on identifying the youngest regions of
direct exchange with the ocean. Chemical
analyses of these regions, and those known to
be older and more radiolytically processed,
would allow distinguishing among the variety
of chemical signatures anticipated on the
surface. Combined geophysical and
compositional  results would lead to
understanding the processes affecting ocean
habitability, and potentially a compelling case
for subsurface ocean habitability.

41.2 The Jupiter System

The individual objects in the Jupiter system—
the giant planet itself, the Galilean Satellites,
the small and irregular satellites, the ring
system, and the magnetosphere—do not
evolve independently. By understanding how
the Jupiter System works (e.g., tidal
interactions as well as the connection between
Jupiter, its magnetosphere and the moons), we
understand how the solar system works and
whether specific processes and conditions lead
to habitable environments. To understand the
evolution of the system, we have to study both
the individual objects and the processes
connecting them. Specifically, the other
Galilean satellites afford a window into solar
system history by preserving in their cratering
records a chronology that dates back nearly 4.5
Gyr. Callisto is a witness plate to the earliest
era of solar system history. In a broader
context, the Jupiter system is our best analogue
to study the evolution of planetary objects on
the “system-level,” which is of great relevance
also for understanding extra-solar systems,
including Jupiter-like giant-planets.

lo, Europa, and Ganymede are coupled in a
stable resonance that maintains their orbital
periods in a ratio of 4:2:1 and forces their
orbital eccentricities; Callisto is not included
in this resonance. Tidal interaction heats the
interior of lo and is responsible for its
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unparalleled volcanic activity; maintains a
liquid ocean within Europa, and causes
faulting of its surface and convection within its
ice shell; and powers convection within
Ganymede’s metallic core to produce that
satellite’s magnetic field. EJSM results would
enable detailed comparative studies of how the
different conditions with respect to tidal
heating have led to different histories and
internal structures, surfaces, and dynamic
activities among the four Galilean satellites.

A very important aspect of solar system
studies is the identification of the processes
leading to the formation of gas giant planets,
with implications for exoplanets. EJSM would
provide new insight into this issue through
understanding of the interior structure and
properties of the Galilean satellites (especially
Europa and Ganymede), derivation of the
bombardment history on the Galilean satellites
for application to the Jupiter system, and
comparative compositional study of the
satellites. Along with better understanding of
Jupiter’s composition, this would improve
knowledge of the thermodynamics of the
Jovian circumplanetary disk.

Jupiter’s magnetosphere is closely coupled to
the upper atmosphere and interior by
electrodynamic  interactions. This  giant
magnetized environment, driven by the fast
rotation of its central spinning zone and
populated by ions coming from its moons, is
the most accessible and intense environment
for direct investigations of  general
astrophysical processes. EJSM would measure
the dynamics of the Jovian magnetodisk (with
angular momentum exchange and dissipation
of rotational energy), determine the electro-
dynamic coupling between the planet and the
satellites, and assess the global and continuous
acceleration of particles.

Jupiter's internal and atmospheric structures
are intimately coupled to the greater Jovian
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system environment. EJSM would extend
Juno’s investigations to the lower latitudes of
Jupiter’s atmosphere while focusing on
complementary scientific questions through
measurements of the troposphere, stratosphere,
thermosphere, and ionosphere for comparisons
with Jupiter’s interior and magnetosphere.

41.3 Responses to Decadal Survey and Cosmic
Vision

EJSM would fully address the high-priority
science objectives identified by the NRC’s
2003 Decadal Survey and ESA’s Cosmic
Vision for exploration of the outer solar
system. The 2003 Decadal Survey’s Steering
Group recommended a Europa Orbiter as the
outer planet flagship mission and listed six
science objectives, each of which would be
met by JEO. The Survey also identified a
Ganymede mission, such as JGO, as a highly
desirable future mission. Moreover, some 20
specific questions were posed for the
exploration of large satellites in the outer solar
system, and EJSM, through the combined
operation of JEO and JEO, would directly
investigate all but one.

ESA’s Cosmic Vision is structured around
various themes and sub-themes, many of
which would be addressed by EJSM. For
example, one theme relates to understanding
solar system processes. Jupiter’s “miniature
solar system” is ideally suited for this purpose
through study and comparison of the diverse
Galilean satellites by EJSM, by investigations
of the gas giant and its magnetosphere to
complement anticipated Juno results, and
through analyses of interactions among all the
objects, such as the small satellites and the
ring system. Thus, the Jupiter system is a
natural laboratory for posing and testing
hypotheses of planetary processes through
spacecraft observations. Another Cosmic
Vision theme relates to planetary formation
and evolution, which EJSM would address
through study of the gas giant, Jupiter.
Investigations would include: a) assessing the
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bulk compositions of the large satellites as
critical constraints on formational models, b)
observing the irregular satellites and their
relations to primitive objects thought to have
formed the cores of the giant planets, and c)
studying motions in the upper atmosphere in
high resolution over long time periods.

Astrobiology is a central theme to both the
Decadal Survey and the Cosmic Vision.
Determining the habitability of Europa and
comparing the results with Ganymede would
provide critical clues to habitability and the
potential for the emergence of life in the outer
solar system. The discovery of life beyond
Earth would be profound. Moreover, should
niches be found that are apparently habitable,
yet do not contain known life forms, such
would be equally important.

Operation of two spacecraft in the Jupiter
system would provide the unparalleled
opportunity to address the high-priority
questions posed by the Decadal Survey and
Cosmic Vision for exploration of the outer
solar system. The EJSM mission concept
represents a conservative and robust design
approach to successfully answering these high-
priority questions and making a major step
forward in understanding the emergence of
habitable worlds around gas giants.

4.2 Science Background

421 Europa

4.21.1 Europa’s Ocean and Interior

Europa is continually flexed as it orbits,
tugged and deformed by Jupiter’s gravity. The
satellite’s response of bending, breaking,
flowing, heating, and churning, enable the
characteristics of its ocean and ice to be
inferred. Europa also experiences the varying
magnetic field of Jupiter, which generates
induction currents in the interior and reveals
the conductivity structure through its response.
These external influences, in addition to
Europa’s internal thermal and chemical
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properties, create the possibility that Europa’s
interior is volcanically active. Geophysics both
dictates and betrays the characteristics of
Europa’s ocean, as well as its ice shell and
deeper interior.

The surface of Europa suggests recently active
processes operating in the ice shell. Jupiter
raises gravitational tides on Europa, which
contribute to thermal energy in the ice shell
and rocky interior [Ojakangas and Stevenson
1989, Sotin et al. 2009], produce near-surface
stresses responsible for some surface features
[Greeley et al. 2004], and may drive currents
in the ocean. Although relatively little is
known about the internal structure, most
models include an outer ice shell underlain by
liquid water, a silicate mantle, and iron-rich
core [Anderson et al. 1998a, Schubert et al.
2009]. Means to constrain these models
include measurements of the gravitational and
magnetic fields, topographic shape, and
rotational state of Europa, each of which
includes steady-state and time-dependent
components. Additionally, the surface heat
flux and local thermal anomalies may yield
constraints on the satellite's internal heat
production and activity. Results could be used
to characterize the ocean and the overlying ice
shell and to provide constraints on deep
interior structure and processes.

Gravity

Observations of the gravitational field of a
planetary body provide information about the
interior mass distribution. For a spherically
symmetric body, all points on the surface
would have the same  gravitational
acceleration, while in those regions with more
than average mass, gravity would be greater.
Lateral variations in gravitational field
strength thus indicate lateral variations in
internal density structure.

Within Europa, principal sources of static
gravity anomalies could be those due to ice
shell thickness variations, or topography on
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the ocean floor, or internal density variations
within the silicate mantle. If the ice shell is
isostatically compensated, it would only yield
very small anomalies. Gravity anomalies that
are not spatially coherent with ice surface
topography are presumed to arise from greater
depths. Radio Doppler tracking over repeat
orbits at 200 km altitude could resolve
seamount ridges or other topographic features
hundreds of kilometers wide on the ocean
floor, though unique determination of their
nature would require additional knowledge
based on other geophysical measurements
(e.g., high-order induced magnetic field
measurements)

One of the most diagnostic gravitational
features is the amplitude and phase of the
time-dependent signal due to tidal deformation
[Moore and Schubert 2000]. The forcing from
Jupiter is well known, and the response would
be much larger if a fluid layer decouples the
ice from the interior, permitting unambiguous
detection of an ocean, and characterization of
the ocean and the bulk properties of the
overlying ice shell. With an ocean that
decouples the surface ice from the rocky
interior, the amplitude of the semi-diurnal tide
on Europa is roughly 30 m, which is in clear
contrast to the ~1 m tide in the absence of an
ocean [Moore and Schubert 2000]. Because
the distance to Jupiter is 430 times the mean
radius of Europa, only the lowest degree tides
are expected to be detectable. Figure 4-5
illustrates the degree-two tidal potential
variations on Europa during a single orbital
cycle. The tidal amplitude is directly
proportional to this potential.

Topography

Characterizing the topography is important for
several reasons. At long wavelengths
(hemispheric-scale), topography is mainly a
response to tides and possibly shell thickness
variations driven by tidal heating [Ojakangas
and Stevenson 1989, Nimmo and Manga
2009], and is thus diagnostic of internal tidal
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processes. At intermediate = wavelengths
(hundreds of kilometers), the topographic
amplitudes and correlation with gravity are
diagnostic of the density and thickness of the
ice shell. The view of Mars provided by the
MOLA laser altimeter [Zuber et al. 1992]
revolutionized geophysical study of that body,
and the same is expected at Europa. The
limited topographic information currently
available shows Europa to be very smooth on a
global scale, but topographically diverse on
regional to local scales [Schenk 2009]. At the
shortest wavelengths (kilometer-scale), small
geologic features would tend to have
topographic ~ signatures  diagnostic = of
formational processes.

Rotation

Tidal dissipation within Europa probably
drives its rotation into equilibrium, with
implications for both the direction and rate of
rotation. The mean rotation period should
almost exactly match the mean orbital period,
so that the sub-Jupiter point would librate in
longitude, with an amplitude equal to twice the
orbital eccentricity. If the body behaves
rigidly, the amplitude of this forced libration is
expected to be ~100 m [Comstock and Bills
2003], but if the ice shell is mechanically
decoupled from the silicate interior, then the
libration could be three times larger. Similar
forced librations in latitude are due to the finite
obliquity and are diagnostic of internal
structure in the same way. The rate of rotation
would also change in response to tidal
modulation of the shape of the body, and
corresponding changes in the moments of
inertia [Yoder et al. 1981].

The spin pole is expected to occupy a Cassini
state [Peale 1976], similar to that of Earth’s
Moon. The gravitational torque exerted by
Jupiter on Europa would cause Europa’s spin
pole to precess about the orbit pole, while the
orbit pole in turn precesses about Jupiter’s spin
pole, with all three axes remaining coplanar.
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Figure 4-5. Europa experiences a time-varying

gravitational potential field as it moves in its eccentric
orbit about Jupiter (eccentricity = 0.0094), with a
3.551-day (1 eurosol) period. Europa’s tidal amplitude
varies proportionally to the gravitational potential, so the
satellite flexes measurably as it orbits. In this adaptation
of a figure from Moore and Schubert [2000], we look down
on the north pole of Jupiter as Europa orbits
counterclockwise with its prime meridian pointed
approximately toward Jupiter. Measuring the varying
gravity field and tidal amplitude simultaneously allows
the interior rigidity structure of the satellite to be derived,
revealing the properties of its ocean and ice shell.

The obliquity required for Europa to achieve
this state is ~0.1 degree, but depends upon the
moments of inertia, and is thus diagnostic of
internal density structure [Bills 2005, Bills et
al. 2009].

Obtaining a wide variety of different
geophysical observations, all relevant to the
internal structure of FEuropa, reduces the
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ambiguity inherent in
measurements.

interpretations  of

Magnetic Field

Magnetic fields interact with conducting
matter at length scales ranging from atomic to
galactic. Magnetic fields are produced when
currents flow in response to electric potential
differences between interacting conducting
fluids or solids. Many planets generate their

own stable internal magnetic fields in
convecting cores or inner shells through
dynamos powered by internal heat or

gravitational settling of the interior. Europa
does not generate its own magnetic field,
suggesting that its core has either frozen or is
still fluid but not convecting.

Europa is known to respond to the rotating
magnetic  field of  Jupiter  through
electromagnetic induction [Khurana et al.
1998, 2009]. In this process, eddy currents are
generated on the surface of a conductor to
shield its interior from changing external
electric and magnetic fields. The eddy currents
generate their own magnetic field—called the
induction field—external to the conductor.
This secondary field is readily measured by a
magnetometer located outside the conductor.

The induction technique exploits the fact that
the primary alternating magnetic field at
Europa is provided by Jupiter, because its
rotation and magnetic dipole axes are not
aligned. It is now widely believed that the
induction signal seen in Galileo magnetometer
data [Khurana et al. 1998] arises within a
subsurface ocean in Europa. The measured
signal was shown to remain in phase with the
primary field of Jovian origin [Kivelson et al.
2000], thus unambiguously proving that the
perturbation signal is a response to Jupiter’s
field.

Although clearly indicative of a Europan
ocean, modeling of the measured induction
signal suffers from non-uniqueness in the
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derived parameters because of the limited data.
From a short series of measurements, such as
those obtained by the Galileo spacecraft, the
induction field components cannot be
separated uniquely, forcing assumptions that
the inducing signal is composed of a single
frequency corresponding to the synodic
rotation period of Jupiter. Unfortunately,
single frequency data cannot be inverted to
determine independently both the ocean
thickness and the conductivity. Nevertheless,
the single frequency analysis of Zimmer et al.
[2000] reveals that the ocean must have a
conductivity of at least 0.06 S/m. Work by
Schilling et al. [2004] suggests the ratio of
induction field to primary field is 0.97, from
which Hand and Chyba [2007] infer that the
ice shell is < 15 km thick and the ocean water
conductivity > 6 S/m. [see also Hand et al.
2009].

The large uncertainty in the conductivity
estimates of the ocean water results from the
poor signal-to-noise ratio of the induction
signature obtainable from relatively short
segments of Galileo flyby data. Observations
from a Europa orbiter could improve the S/N
ratio of the induction field by several orders of
magnitude.

In order to determine the ocean thickness and
conductivity, magnetic sounding of the ocean
at multiple frequencies is required. The depth
to which an electromagnetic wave penetrates is
inversely proportional to the square root of its
frequency. Thus, longer period waves sound
deeper and could provide information on the
ocean’s thickness, the mantle, and the metallic
core. Electromagnetic sounding at multiple
frequencies is routinely used to study Earth’s
mantle and core from surface magnetic data
[Parkinson  1983]. Recently, it was
demonstrated [Tyler et al. 2003, Constable and
Constable 2004], that data from orbit could be
used for electromagnetic induction sounding at
multiple frequencies. In the case of Europa,
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the two dominant frequencies are those of
Jupiter’s synodic rotation period (~11 hr) and
Europa’s orbital period (~85 hr). Observing
the induction response at these two frequencies
would likely allow determination of both the
ocean thickness and the conductivity (see
§4.3.1.1).

Some remaining key questions to be addressed
regarding Europa’s ocean, bulk ice shell
properties, and deeper interior include:

= Does Europa
subsurface ocean?

= What are the salinity and thickness of
Europa’s ocean?

= Does Europa exhibit kilometer-scale
variations in ice shell thickness across the
globe?

= Does Europa have a non-zero obliquity and
if so, what controls it?

= Does Europa possess an lo-like mantle?

undoubtedly have a

These questions, and how they may be
answered by specific measurements, are
further discussed in §4.3.1.1.

4.21.2 Europa’s Ice Shell

Probing the third dimension of Europa’s ice
shell is essential to understanding the
distribution of subsurface water and processes
of ice-ocean exchange, which are key to
determining Europa’s habitability.

A detailed understanding of the internal
structure of the ice shell is essential for
unraveling the processes that connect the
ocean to the surface. The structure and
composition of the surface as observed by
remote sensing is the result of material
transport and chemical exchange through the
shell. The thickness of the current ice shell is
unknown, but estimates range from relatively
thin (~ few km) to relatively thick (tens of km)
[Billings and Kattenhorn 2005]. The ice shell
may have experienced one or more episodes of
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thickening and thinning [Hussman and Spohn
2004, Barr and Showman 2009], directly
exchanging material with the ocean at the
base. Thermal processing may have also
altered the internal structure of the shell
through convection or local melting. In
addition, geological processes have altered and
deformed the surface and transported material
horizontally and vertically within the shell.
Exogenic processes such as cratering and
regolith formation have influenced the surface
and deeper structure. Just as a geologist on
Earth uses structural information in order to
understand the dynamics of the Earth’s crust,
three-dimensional sounding of the ice shell
would reveal the processes connecting the
surface to the ocean.

Thermal Processing

The thermal structure of Europa’s ice shell
(apart from local heat sources) is set by the
transport of heat from the interior. Regardless
of the properties of the shell or the overall
mechanism of heat transport, the uppermost
several kilometers are thermally conductive,
cold, and stiff. The thickness of this
conductive “lid” is set by the total amount of
heat that must be transported and thus a
measurement of the thickness of the cold and
brittle part of the shell is a powerful constraint
on the heat production in the interior. The
lower, convecting part of the shell (if it exists),
is likely to be much cleaner, since regions with
impurities should have experienced melting at
some point during convective circulation
(when the material was brought near the base
of the shell) and the melt would segregate
downward efficiently, extracting the impurities
from the shell [Pappalardo and Barr 2004].
Convective instabilities also result in thermal
variations in the outer part of the shell that
may be associated with features at the surface
of Europa (lenticulae and chaos), with scales
ranging from ~1-100 km. When warm,
relatively pure ice diapirs from the interior
approach the surface, they may be far from the
pure-ice melting point, but may be above the
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eutectic point of some material trapped in the
lid. This may create regions of melting within
the rigid shell above them as the temperature
increases above the flattening diapir (Figure
4-6). The structural horizon associated with
these melt regions would provide a good
measurement of the thickness of the
conductive layer. Other sources of local
heating such as friction on faults may lead to
similar local melting [Gaidos and Nimmo
2000]. High horizontal resolution (a few
hundred meters) is required to avoid scale-
related biases. The ability to sound through
regions of rough large-scale terrain would also
be essential. Detection of water lenses would
require a vertical resolution of at least a few
tens of meters.

Ice-Ocean Exchange
Europa’s ice shell has likely experienced one
or more phases of thickening and thinning, as
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its orbital and thermal evolution altered
internal heating due to tides [Hussmann and
Spohn 2004, Moore and Hussmann 2009] The
shell may thicken by processes similar to those
for ice that accretes beneath the large ice
shelves of Antarctica, where frazil ice crystals
form directly in the ocean water [Moore et al.
1994]. This model is characterized by slow
accretion (freezing) or ablation (melting) on
the lower side of the icy crust [Greenberg et
al. 1999]. Impurities present in the ocean tend
to be rejected from the ice lattice during the
slow freezing process. Temperature gradients
in this model are primarily a function of ice
thickness and the temperature/depth profile is
described by a simple diffusion equation for a
conducting ice layer [Chyba et al. 1998,
Blankenship et al. 2009]. The low temperature
gradients at any ice water interface, combined
with impurity rejection from accreted ice,

Figure 4-6. Block diagram representation of Europa’s ice shell, assuming a thick shell model of possible ice shell
processes leading to thermal, compositional, and structural horizons. Hypothesized convective diapirs (front of block
diagram) could cause thermal perturbations and partial melting in the overlying rigid ice. Tectonic faulting driven by
tidal stresses (upper surface) could result in fault damage and frictional heating. Impact structures (back right) are
expected to have central refrozen melt pools and to be surrounded by ejecta.
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would likely lead to significant structural
horizons resulting from contrasts in ice crystal
fabric and composition. Similarly, the melt-
through hypothesis for the formation of
lenticulae and chaos on Europa’s surface
implies that ice would accrete beneath the
feature after it forms. This process would
result in a sharp boundary between old ice (or
rapidly frozen surface ice) and the deeper
accreted ice. The amount of accreted ice would
be directly related to the time since melt-
through occurred and could be compared with
the amount expected based on the surface age.
Testing these hypotheses would require
measuring the depth of interfaces to a
resolution of a few hundred meters, and
horizontal resolutions of a fraction of any lid
thickness; i.e., a kilometer or so.

Surface and Subsurface Structure

Europa represents a unique tectonic regime in
the solar system, and the processes controlling
the distribution of strain in Europa’s ice shell
are uncertain. Tectonic structures could range
from sub-horizontal extensional fractures to
near-vertical strike-slip features. These would
produce structures associated primarily with
the faulting process itself, through formation
of pervasively fractured ice and zones of
deformational melt, injection of water, or
preferred orientation of crystalline fabric.
Some faults may show local alteration of pre-
existing structure, including fluid inclusions,
or by juxtaposition of dissimilar regions
through motion on the fault. There are many
outstanding questions regarding those tectonic
features. A measurement of their depth extent
and association with thermal anomalies or melt
inclusions would strongly constrain models of
their origins. In particular, correlation of
subsurface structure with surface properties
(length, position in the stratigraphic sequence,
height and width of the ridges) would test
hypotheses for the mechanisms that form the
fractures and support the ridges. The
observation of melt along the fracture would
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make these features highly desirable targets for
future in Situ missions.

Extensional structures observed on Europa
(gray bands) may be particularly important for
understanding material exchange processes. If
the analogy with terrestrial spreading centers
[Pappalardo and Sullivan 1996] is accurate,
the material in the band is newly supplied from
below and may have a distinct structure. The
origin of the material in the bands may thus be
constrained by sounding the subsurface. Bands
and ridges typically have length scales of a
few kilometers. Horizontal resolutions a factor
of ten higher than this would be required to
discriminate  processes. For extensional
structures, the ability to image structures
sloping more than a few degrees is also
necessary. Additionally, tens of meters of
vertical resolution would be required to image
near surface melt inclusions.

The impact process represents a profound
disturbance of the local structure of the shell.
Around the impact site, the ice is fractured and
heated, and some melt is generated. The
surface around the impact is buried to varying
degrees with a blanket of ejecta. Finally, the
relaxation of the crater creates a zone of
tectonism that could include both radial and
circumferential faulting. These processes all
create subsurface structures that might be
probed by sounding.

An outstanding mystery on Europa is the
process by which craters are erased from the
surface. It may be possible to find the
subsurface signature of impacts that are no
longer evident at the surface, which would
place constraints on the resurfacing processes
that operate at Europa. Impact processes affect
the structure of the ice shell to different extents
depending on the size of the impactor, and it is
possible that Europa’s subsurface records
events which have penetrated the entire
thickness of the shell (at the time). Three types
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of structural horizons are expected to be
derived from impact: the former surface buried
beneath an ejecta blanket, solidified eutectic
melts in the impact structure itself, and impact
related fractures (€.9., a ring graben or radial
fractures possibly including injected melt).
Vertical resolutions on the scales of a few tens
to hundreds of meters would be required to
identify ejecta blankets and frozen melt pools.
Detection of at least the edges of steep
interfaces would aid in the identification of

radial dikes, buried crater walls and
circumferential fractures.
Remaining outstanding questions to be

addressed about Europa’s ice shell include:

= Is Europa’s ice shell thin and thermally
conductive, or thick and convecting?

= [s material transported from the ocean to
the near surface or surface, and vice-versa,
and if so, what are the transport processes?

=  What are the three-dimensional
characteristics of Europa’s geological
structures?

Discussion of how these questions may be
addressed wusing specific measurements is
found in §4.3.1.2

4.21.3 Europa’s Composition

Characterizing the surface organic and
inorganic composition and chemistry provides
fundamental information about Europa’s
history and evolution, the properties and
habitability of the subsurface and ocean, its
interaction with the surface, and the role of
exogenic processes. Note that here and in
§4.3.1.3, the JISDT provides expanded
discussion regarding composition, in response
to requests from NASA for additional
information on this topic.

The composition of Europa’s surface records
its history and evolution. Surface materials
may be ancient, derived through time from the
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ocean, altered by radiation, or exogenic in
origin. Europa’s bulk density and -current
understanding of solar and stellar composition
suggest the presence of both water and
silicates. It is likely that the differentiation of
Europa resulted in mixing of water with the
silicates and carbonaceous materials that
formed the moon and resulted in chemical
alteration and redistribution, with interior
transport processes bringing a variety of
materials from the interior into the ocean and
up to the surface. The barrage of high-energy
particles from Jupiter’s magnetosphere leaves
an imprint on the surface composition that
provides clues to this environment, but could
also complicate efforts to understand the
formation, evolution and modification of the
surface. Finally, surface materials could be
incorporated into the subsurface and react with
the ocean, or could be sputtered from the
surface to form Europa’s tenuous atmosphere.

Icy and Non-Icy Composition

Compositional information from Earth-based
telescopic observations and data from the
Voyager and Galileo spacecraft [e.g., Kuiper
1957, Moroz 1965, Clark 1980, Dalton 2000,
McCord 2000, Spencer et al. 2005, Alexander
et al. 2009] show that the surface of Europa is
composed primarily of water ice in both
crystalline and amorphous forms [Pilcher et
al. 1972, Clark and McCord 1980, Hansen
and McCord 2004].

The dark, non-icy materials that make up
much of the rest of Europa’s surface are of
extreme interest for unraveling Europa’s
geological history, and determining their
composition is the key to understanding their
origin. The spatial distribution and context of
these materials at geologically relevant scales,
which could be examined by JEO in far more
detail than ever before, allows the processes
that have formed the surface and the
connection between the surface and the
interior to be understood. This link provides
important constraints on the nature of the
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interior, the potential habitability of sub-
surface liquid water environments, and the
processes and time scales through which
interior materials are transported to the
surface. Compositional variations in surface
materials may reflect age differences
indicative of recent activity, and the discovery
of active vents or plumes would show current
activity.

The non-ice components are known to include
carbon dioxide (CO;), sulfur dioxide (SO,),
hydrogen peroxide (H;O;) and molecular
oxygen (O;) based on comparison of measured
spectra with laboratory studies of the relevant
compounds [Lane et al. 1981, Noll et al. 1995,
Smythe et al. 1998, Carlson 1999, 2001,
Carlson et al. 1999a,b, Spencer and Calvin
2002, Hansen and McCord 2008]. Spectral
observations from the Galileo Near Infrared
Mapping Spectrometer (NIMS) instrument of
disrupted dark and chaotic terrains on Europa
exhibit distorted and asymmetric absorption
features indicative of water bound in non-ice
hydrates. Hydrated materials observed in

regions of surface disruption (Figure 4-7) have
been suggested to be magnesium and sodium
sulfate minerals (Figure 4-8) that originate

Figure 4-7. The distribution of hydrated materials on
Europa (red) reaches its maximum near the apex of the
trailing hemisphere, where impinging magnetic radiation
flux is highest, and correlates with geologically disrupted
terrains and triple bands (insets), and with the trailing
hemisphere.
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from subsurface ocean brines [McCord et al.
1998b, 1999]. Alternatively, these materials
may be sulfuric acid hydrates created by
radiolysis of sulfur from lo, processing of
endogenic SO,, or from ocean-derived sulfates
present in these deposits [Carlson et al. 1999b,
2002, 2005]. It is also possible that these
surfaces are a combination of both hydrated
sulfate salts and hydrated sulfuric acid [Dalton
2000, McCord et al. 2001a,b 2002, Carlson et
al. 2005, Orlando et al. 2005, Dalton et al.
2005], as suggested by linear spectral mixture
analyses of disrupted terrains [Dalton 2007].
An ultraviolet absorption feature, discovered
in Earth-based disk-integrated observations
and HST [Lane et al. 1981, Noll et al. 1995]
on Europa’s trailing hemisphere and linked to
bombardment by S" ions, was found in Galileo
UVS high-resolution observations [Hendrix et
al. 1998] to vary in strength with location on
the trailing hemisphere and show a correlation
with the NIMS-measured asymmetric water
ice bands. An important objective of JEO
would be to resolve the compositions and
origins of these hydrated materials.

Hydrated material was also reported in dark
areas on Ganymede [McCord et al. 2001b],
which has a much less severe radiation
environment than Europa. Such similarities
suggest a common origin for these materials.
Whether  predominantly  exogenic  or
endogenic, the interplay of chemical pathways
and physical processes on these worlds could
be studied together to better understand each.

Material in the space surrounding Europa also
provides compositional clues. Brown and Hill
[1996] first reported a cloud of sodium around
Europa, and Brown [2001] detected a cloud of
potassium and reported that the Na/K ratio
suggested that endogenic sputtering produced
these materials.

A broad suite of additional compounds is
predicted for Europa based on observations of



2010 Joint Jupiter Science Definition Team Report to NASA

other icy satellites, as well as from
experimental studies of irradiated ices,
theoretical simulations, and geochemical and
cosmochemical arguments. Organic molecular
groups, such as CH and CN, have been found
on the other icy Galilean satellites [McCord et
al. 1997, 1998b], and their presence or absence
on Europa is important to understanding
Europa’s potential habitability. Other possible
compounds that may be embedded in the ice
and detectable by high-resolution spectroscopy
include H,S, OCS, Os;, HCHO, H,COs, SOs,
MgS0O,, H,SO,, H;0', NaSO,, HCOOH,
CH;0H, CH;COOH and more complex
species [Moore 1984, Delitsky and Lane 1997,
1998, Hudson and Moore 1998, Moore et al.
2003, Brunetto et al. 2005].

As molecules become more complex,
however, their radiation cross-section also
increases and they are more susceptible to
alteration by radiation. Radiolysis and
photolysis could alter the original surface
materials and produce many highly oxidized
species that react with other non-ice materials
to form a wide array of compounds. Given the
extreme radiation environment of Europa,
complex organic molecules are not expected in
older deposits nor in those exposed to higher
levels of irradiation [Johnson and Quickenden
1997, Cooper et al. 2001]. However,
diagnostic molecular fragments and key
carbon, nitrogen, and sulfur products may
survive in some locales. Regions of lesser
radiation (i.e., the leading hemisphere) and
sites of recent or current activity would be the
most likely places to seek evidence of organic
or derived products.

Improved spectral observations at significantly
higher spectral and spatial resolution, together
with detailed laboratory analyses under the
appropriate  temperature and  radiation
environment, are needed to fully understand
Europa’s surface chemistry. These data would
provide major improvements in  the

November 15, 2010

1.6

1.4

1.2

1.0 Europa icy
-]
(&)
s Europa non-lce
S 08 P
] sulfuric acid

0.6 hydrate

0.4
Mg hexahydrate

0.2 |-
epsomite

0.0 I l
1.0 1.5 2.0 2.5

wavelength (pm)

Figure 4-8. Reflectance spectra of hydrated materials on
Europa. Candidate materials for Europa’s non-ice
component include sulfuric acid hydrate (H2S04°nH20)
and various hydrated sulfate and carbonate salts [McCord
etal. 1999, 2002].

identification of the original and derived
compounds and the radiation environment and
reaction pathways that create and destroy
them.

Isotopic Constraints

The varying degree of preference for the
lighter isotopes in many physical and chemical
processes 1s expected to lead to mass
fractionation effects that should be evident in
isotopic ratios. Ratios of D/H, 13C/12C,
PN/MN, "0 /70/'%0, **S/%S, and *Ar/Ar,
and comparison among them, could provide
insights into geological, chemical, and
possible biological processes such as planetary
formation, interior transport, surface evolution,
radiolysis, atmospheric escape, and metabolic
pathways.

The determination of isotopic ratios would
provide a powerful indicator of several
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planetary processes. Exchange rates among the
Earth’s oceans, crust, mantle and atmosphere
are closely linked to ratios of radiogenic noble
gas isotopes; these have been used at Venus
and Mars, for example, to better understand
the evolution of their volatile reservoirs. In
satellite systems around large gaseous planets
such as Jupiter and Saturn, questions about the
presence, extent and composition of a
primordial circumplanetary disk surrounding
the host proto-planet could be addressed by
comparing isotope ratios measured at different
satellites in the system with those measured in
the host planet’s atmosphere.

Endogenic processes on Europa and other
Galilean satellites may have measurable
effects on isotope compositions. Moreover, the
exogenic processes of sublimation and
sputtering should also cause isotopic
fractionation. Differences in solubilities and
clathrate dissociation pressures would cause
materials and isotopes of interest to freeze or
become enclathrated into Europa’s ice shell in
different proportions than found in the aqueous
solution of the ocean. Such differences may be
evident from comparison of the predominant
ice-rich background terrain on FEuropa’s
surface with cracks, chaos regions and other
features rich in non-icy material that may have
been deposited directly from the ocean.

Relationship of Composition to Processes

Galileo’s instruments were designed to study
surface compositions at regional scales (Figure
4-8). The association of hydrated and reddish
materials with certain geologic terrains,
revealed by Galileo, suggests an endogenic
source for the emplaced materials, although
these may have since been altered by
radiolysis. Many surface features with
compositionally distinct materials were formed
by tectonic processes, suggesting that the
associated materials are derived from the
subsurface. Major open questions include the
links between surface composition and that of
the underlying ocean and rocky interior
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Figure 4-9. This portion of a Galileo image is the size of a
typical Galileo NIMS footprint, demonstrating how NIMS

sampled multiple terrain types in each spectrum.

[Fanale et al. 1999, Kargel et al. 2000,
McKinnon and Zolensky 2003], and the
relative significance of radiolytic processing
[Johnson and Quickenden 1997, Cooper et al.
2001, Carlson et al. 2002, 2005, Grundy
2007]. For example, compositional variations
associated with surface features such as chaos
suggest that material may be derived from an
ocean source, either directly through melting
or eruptions, or indirectly through processes
such as diapirism [McCord et al. 1998b, 1999,
Fanale et al. 1999, Orlando et al. 2005].

One of the critical limitations of the Galileo
NIMS experiment was the low spatial
resolution of the high-quality spectra and the
limited spatial coverage due to the failure of
the spacecraft’s high-gain antenna. The spectra
used to identify hydrated materials were
typically averaged from areas ~75km by
75 km [McCord et al. 1998b, Carlson et al.
1999b] (although a few higher-resolution
“postage stamp” data sets were obtained and
analyzed). This typical footprint is shown in
Figure 4-9, illustrating the tremendous mixing
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of surface terrain types that occurs within an
area of this extent; less than 10% of the NIMS
footprint contains materials associated with
ridges, bands, or fractures. In order to isolate
and identify the young, non-ice materials
associated with these structures, and look for
spectral ~ variations  within  geological
structures, future observations must be able to
resolve the non-ice materials to at least ~100
m scales.

In addition to compositional differences
associated with recent geological activity,
compositional changes related to exposure age
also provide evidence for sites of recent or
current activity. The composition of even the
icy parts of Europa is variable in space and
time. Polar fine-grained deposits suggest frosts
formed from ice sputtered or sublimated from
other areas [Clark et al. 1983, Dalton 2000,
Hansen and McCord 2004]. Equatorial ice
regions are more amorphous than crystalline,
perhaps due to radiation damage. Venting or
transient gaseous activity on Europa would
indicate present-day surface activity.

Exogenic processes are also a key part of
Europa’s composition story, but much remains
unknown about the chemistry and sources of
the materials being implanted. Magnetic field
measurements by Galileo of ion-cyclotron
waves in the wake of Europa provide evidence
of sputtered and recently ionized CI, O,, SO,
and Na ions [Volwerk et al. 2001]. Medium
energy ions (tens to hundreds of keV) deposit
energy in the topmost few tens of microns;
heavier ions, such as oxygen and sulfur ions,
have an even shorter depth of penetration,
while MeV electrons could penetrate and
affect the ice to a depth of more than 1 m
[Paranicas et al. 2002, and references therein,
Paranicas et al. 2009]. The energy of these
particles breaks bonds to sputter water
molecules, molecular oxygen, and any
impurities within the ice [Cheng et al. 1986],
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producing the observed atmosphere and
contributing to the erosion of surface features.

A major question is the exogenic versus
endogenic origin of volatiles such as CO, and
their behavior in time and space. CO, was
reported on the surfaces of Callisto and
Ganymede [McCord et al. 1998b], with hints
of SO, [Smythe et al. 1998] and H,0O, [Carlson
et al. 1999a]. Recent analyses of the NIMS
spectra indicate a concentration of CO, and
other non-ice compounds on the anti-jovian
and trailing sides of Europa [Hansen and
McCord 2008], suggesting an endogenic
origin. Radiolysis of CO, and H,O ices is
expected to produce additional compounds
[Moore 1984, Delitsky and Lane 1997, 1998,
Brunetto et al. 2005]. Determining the
presence and source of organic molecular
compounds, such as CH and CN groups
detected by IR spectroscopy at Callisto and
Ganymede [McCord et al. 1997, 1998b] and
tentatively identified on Phoebe [Clark et al.
2005], would be important to evaluating the
astrobiological potential of Europa, especially
if there is demonstrable association with the
ocean.

Some surface constituents result directly from
exogenic sources. For example, sulfur from lo
is transported by the magnetosphere and is
implanted into Europa’s ice. Once there it
could form new molecules and may create
some of the dark components on the surface. It
is important to separate surface materials
formed by implantation from those that are
endogenic., and this could be done by
quantitative analysis. For example, the
detected Na/K ratio is supportive of an
endogenic origin—and perhaps an ocean
source—for sodium and potassium [Brown
2001, Johnson et al. 2002, McCord et al.
2002, Orlando et al. 2005].

Spatial variations could also help separate
exogenic and endogenic processes. For
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example, comparison of spectra of disrupted
terrain on the leading and trailing hemispheres,
which encounter far different radiolytic fluxes,
would help to isolate the effects of the
radiation environment and unravel the
endogenic and exogenic chemical processes
that led Europa to its present state.

Regardless of origin, surface composition
results from combinations of all these
processes, and materials emplaced at the
surface are subsequently processed by
radiation to produce the observed composition
[Dalton 2000]. For example, material derived
from the ocean could be a mixture of
dominantly Mg and Na salts. Na sulfates
would be more vulnerable to radiative
disassociation, producing sulfuric acid
(H,SO,4) [Dalton 2000, 2007, McCord et al.
2001b, 2002, Orlando et al. 2005]. Such a
mixture would allow for both indigenous salts
and sulfuric acid, and could account for the
origin of Na and K around Europa.

Some key outstanding questions to be
addressed regarding Europa’s composition
include:

= Are there endogenic organic materials on
Europa’s surface?

= s chemical material from depth carried to
the surface?

= [s irradiation the principal cause of
alteration of Europa’s surface materials
through time?

= Do materials formed from ion implantation
play a major role in Europa’s surface
chemistry?

Specific measurements that could be made to
address these questions are discussed in
§4.3.1.3.

4.21.4 Europa’s Geology
By understanding Europa’s varied and
complex geology, the moon’s past and present
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processes are deciphered, along with
implications for habitability. An understanding
of Europa’s geology provides clues about
geological processes on other icy satellites
with similar surface features, such as Miranda,
Triton, and Enceladus.

The relative youth of Europa’s surface is
inherently linked to the ocean and the effects
of gravitational tides, which trigger processes
that include cracking of the ice shell,
resurfacing, and possibly release of materials
from the interior. Clues to these and other
processes are provided by spectacular surface
features such as linear fractures and ridges,
chaotic terrain, and impact craters.

Linear Features

Europa’s unusual surface is dominated by
tectonic features in the form of linear ridges,
bands, and fractures (Figure 4-10). The class
of linear features includes simple troughs and
scarps (e.g., Figure 4-10g), double ridges
separated by a trough, and intertwining ridge-
complexes. Whether these represent different
processes or stages of the same process is
unknown. Ridges are the most common
feature type on Europa and appear to have
formed throughout the satellite’s visible
history (Figure 4-10j and 1). They range from
0.1 to > 500 km long, are as wide as 2 km, and
could be several hundred meters high.
Cycloidal ridges are similar to double ridges,
but form chains of linked arcs.

Most models of linear feature formation
involve fracturing in response to processes
within the ice shell [Greeley et al. 2004,
Kattenhorn and Hurford 2009, Prockter and
Patterson 2009]. Some models suggest that
liquid oceanic material or warm mobile
subsurface ice squeezes through fractures to
form the ridge, while others suggest that ridges
form by frictional heating and possibly melting
along the fracture shear zone. Thus, ridges
might represent regions of material exchange
between the surface, ice shell, and ocean,
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plausibly providing a means for surface
oxidants to enter the ocean. Some features,
such as cycloidal ridges, appear to initiate as a
direct result of Europa’s tidal cycle [Hoppa et
al. 1999].

Bands reflect fracturing and lithospheric
separation, much like sea-floor spreading on
Earth, and most display bilateral symmetry
[e.g., Sullivan et al. 1998] (Figure 4-10b and
d). Their surfaces vary from relatively smooth
to heavily fractured. The youngest bands tend
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to be dark, while older bands are bright,
suggesting that they brighten with time.
Geometric reconstruction of bands suggests
that a spreading model is appropriate,
indicating extension in these areas and
possible contact with the ocean [Tufts et al.
2000, Prockter et al. 2002].

The accommodation of extensional features
remains a significant outstanding question
regarding Europa’s geology. A small number
of contractional folds were found on the

Figure 4-10. Europa is a cryological wonderland, with a wide variety of surface features. Many appear to be unique to
this icy moon. While much was learned from Galileo, it is still not understood how many of these features form, or their
implications for Europa’s evolution. Shown here are: (a) The impact crater Pwyll, the youngest large crater on Europa;
(b) Pull-apart bands; (c) Lenticulae; (d) Pull-apart band at high resolution; (¢) Conamara Chaos; (f) Dark plains material
in a topographic low, (g) Very high resolution image of a cliff, showing evidence of mass wasting; (h) Murias Chaos, a
cryovolcanic feature which has appears to have flowed a short distance across the surface; (i) The Castalia Macula
region, in which the northernmost dome contains chaos and is ~900 m high; (j) Regional view of two very large ridge
complexes in the Conamara region; (k) Tyre impact feature, showing multiple rings; and (I) One of Europa’s ubiquitous
ridges, at high resolution.
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surface [Prockter and Pappalardo 2000] and
some sites of apparent convergence within
bands have been suggested [Sarid et al. 2002],
but these are insufficient to accommodate the
extension documented across FEuropa’s
surface. Some models suggest that ridges and
local folds could reflect such contraction, but
the present lack of global images, topographic
information, and knowledge of subsurface
structure precludes testing these ideas.

Fractures are narrow (from hundreds of meters
to the ~10 m limit of image resolution) and
some exceed 1000km in length. Some
fractures cut across nearly all surface features,
indicating that the ice shell is subject to
deformation on the most recent time-scales.
The youngest ridges and fractures could be
active today in response to tidal flexing.
Subsurface sounding and surface thermal
mapping could help identify zones of warm ice
coinciding with current or recent activity.
Young ridges may be places where there has
material exchange between the ocean and the
surface, and would be prime targets as
potential habitable niches.

Chaotic Terrain

Europa’s surface has been disrupted to form
regions of chaotic terrain, as subcircular
features termed lenticulae, and irregular-
shaped, generally larger chaos zones [Collins
and Nimmo 2009]. Lenticulac include pits,
spots of dark material, and domes where the
surface is upwarped and commonly broken
(Figure 4-10c and f). Pappalardo et al.
[1998a, 1999] argued that these features are
typically ~10 km across and possibly formed
by upwelling of compositionally or thermally
buoyant ice diapirs through the ice shell. In
such a case, their size distribution would imply
the thickness of the ice shell to be at least 10—
20 km at the time of formation.

An alternative model suggests that there is no
dominant size distribution and that lenticulae
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are small members of chaos [Greenberg et al.
1999], formed through either direct material
exchange (through melting) or indirect
exchange (through convection) between the
ocean and surface [e.g., Carr et al. 1998a].
Thus, global mapping of the size distribution
of these features could address their origin.

Chaos is generally characterized by fractured
plates of ice that have been shifted into new
positions within a background matrix (Figure
4-10e). Much like a jigsaw puzzle, many
plates could be fit back together, and some ice
blocks appear to have disaggregated and
“foundered” into the surrounding finer-
textured matrix. Some chaos areas stand
higher than the surrounding terrain (Figure
4-10h and 1). Models of chaos formation
suggest whole or partial melting of the ice
shell, perhaps enhanced by local pockets of
brine [Head and Pappalardo 1999]. Chaos and
lenticulae commonly have associated dark,
reddish zones thought to be material derived
from the subsurface, possibly from the ocean.
However, these and related models are poorly
constrained because the total energy
partitioning within Europa is not known, nor
are details of the composition of non-ice
components. Subsurface sounding, surface
imaging, and topographic mapping [e.g.,
Schenk and Pappalardo 2004] are required to
understand the formation of chaotic terrain,
and its implications for habitability.

Impact Features

Only 24 impact craters > 10 km have been
identified on Europa [Schenk et al. 2004],
reflecting the youth of the surface. This is
remarkable in comparison to Earth’s Moon,
which is only slightly larger but far more
heavily cratered. The youngest Europan crater
is thought to be the 24 km-diameter Pwyll,
(Figure 4-10a) which still retains its bright
rays, and likely formed less than 5 Myr ago
[Zahnle et al. 1998, Bierhaus et al. 2009].
Complete global imaging would provide a full
crater  inventory, allowing a  more
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comprehensive determination of the age of
Europa’s surface, and helping to identify the
very youngest areas.

Crater morphology and topography provide
insight into ice layer thickness at the time of
the impact. Morphologies vary from bowl-
shaped depressions with crisp rims, to shallow
depressions with smaller depth-to-diameter
ratios. Craters up to 25-30 km in diameter
have morphologies consistent with formation
in a warm but solid ice shell, while the two
largest impacts [Tyre (Figure 4-10k) and
Callanish] might have punched through brittle
ice about 20km deep into a liquid zone
[Moore et al. 2001, Schenk et al. 2004, Schenk
and E. P. Turtle 2009].

Geological History

Determining the geological histories of
planetary surfaces requires identifying and
mapping surface units and structures and
placing them into a time-sequence.

In the absence of absolute ages derived from
isotopic measurements of rocks, planetary
surface ages are commonly assessed from
impact crater distributions, with more heavily
cratered regions reflecting greater ages. The
paucity of impact craters on Europa limits this
technique. Thus, superposition (i.e., younger
materials burying older materials) and cross-
cutting relations are used to assess sequences
of formation [Figueredo and Greeley 2004,
Doggett et al. 2009]. Unfortunately, only 10%
of Europa has been imaged at a sufficient
resolution to understand temporal relationships
among surface features; for most of Europa,
imaging data is both incomplete and
disconnected from region to region, making
the global surface history difficult to decipher.

Where images of sufficient resolution (better
than 200 m/pixel) exist, it appears that the
style of deformation evolved through time
from ridge and band formation to chaotic
terrain [Greeley et al. 2004], although there are
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areas of the surface where this sequence is less
certain [e.g., Riley et al. 2000]. The
mechanism for the change in geological style
is uncertain, but a plausible mechanism for the
change is one in which Europa’s ocean is
slowly cooling and freezing out as the ice
above it is thickening. Once the ice shell
reaches a critical thickness, solid-state
convection may be initiated, allowing diapiric
material to be convected toward the surface. A
thickening ice shell could be related to a
waning intensity of geological activity.

Given the relative youth of Europa’s surface,
such a fundamental change in style might
seem unlikely over the last ~1% of the
satellite’s history, and its activity over the rest
of its ~4.5 billion year existence could only be
speculated. Four possible scenarios have been
proposed (Figure 4-11):

(a) Europa resurfaces itself in a steady-state
and relatively constant, but patchy style;

(b) Europa is at a unique time in its history,
having undergone a recent major
resurfacing event;
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Figure 4-11. Possible evolutionary scenarios for Europa’s
surface. (a) Steady-state, relatively constant resurfacing;
(b) Unique time in history with recent major resurfacing
event; (c) Global resurfacing is episodic or sporadic; (d)
Surface is older than cratering models suggest. Mapping
data from JEO when related to system data as a whole,
would help to distinguish among these models. After
Pappalardo et al. [1999].
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(c) Global resurfacing is episodic or sporadic;

(d) Europa’s surface is actually much older
than current cratering models suggest
[Zahnle et al. 2003].

From the standpoint of the dynamical
evolution of the Galilean satellite system, there
is good reason to believe that Europa’s surface
evolution could be cyclical. If so, Europa
could experience cyclical variations in its
orbital characteristics and tidal heating on time
scales of perhaps 100 million years [Hussman
and Spohn 2004].

Global monochrome and color imaging,
coupled with topography and subsurface
sounding, would enable these evolutionary
models to be tested. Europa’s surface features
generally brighten and become less red
through time, so albedo and color could serve
as a proxy for age [Geissler et al. 1998, Moore
et al. 2009]. Quantitative topographic data
[Schenk and Pappalardo 2004] could provide
information on the origin of geologic features
and may show trends with age. Profiles across
ridges, bands, and various chaotic terrains
would aid in constraining their modes of
origin. Moreover, flexural signatures are
expected to be indicative of local -elastic
lithosphere thickness at the time of their
formation, and may provide evidence of
topographic relaxation [e.g., Nimmo et al.
2003, Billings and Kattenhorn 2005].

Characterizing Potential Future Landing Sites

A capable lander has been identified as a high
priority follow-up to a Europa Orbiter if
Europa i1s found to have habitable
environments at present with active material
exchange between subsurface water and the
near surface [SSB 2003, NASA 2006]. Soft
landed missions would require high-resolution
images (~1 m/pixel or better) to assess the
surface on scales needed for safe surface
access. The roughness and overall safety of
potential landing sites could also be
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characterized  through radar  scattering
properties, photometric properties, spectral
analysis, thermal inertia, and detailed
altimetry. Such data would also illuminate
fine-scale processes that create and affect the
regolith, including mass wasting, sputter
erosion, sublimation, impact gardening, and
frost deposition. Along with corresponding
high-resolution subsurface sounding, these
observations would help to assess possible
mechanisms and likely sites of recent material
exchange with the subsurface ocean.
Characterizing the global radiation
environment would also greatly aid in the
choice of a landing site. These datasets would
provide for hazard assessment, while imaging,
radar, compositional, and thermal mapping
would identify sites of greatest scientific
interest and would yield data vital for the
coupled engineering and scientific assessment
of possible future landing sites.

Some remaining outstanding questions related
to Europa’s geology include:

= Do Europa’s ridges, bands, chaos, and/or
multi-ringed  structures  require  the
presence of near-surface liquid water to
form?

*  Where are Europa’s youngest regions?

= Is current geological activity sufficiently
intense that heat flow from Europa’s
interior is measurable at the surface?

Questions such as these regarding Europa’s
geology could be answered using specific
measurements, as discussed in §4.3.1.4.

4.21.5 Europa’s Local Environment

Europa is immersed in a complex local
environment that is the interface between
Jupiter’s magnetosphere and Europa’s surface.
Its tenuous atmosphere could provide
important clues to its potential habitability.
The intense flux of electrons and ions from the
Jovian magnetosphere alters the surface by
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radiation-induced chemistry, and erodes
surface material by ion sputtering to produce a
tenuous atmosphere. The radiation induced
surface chemistry may have important
consequences for life. In the near-surface ice,
the particle radiation produces many highly
oxidized species that react with other non-ice
materials to form a wide array of compounds.
Such compounds, if transported to the ocean,
would provide an important source of
chemical energy. At the surface, radiation
processing alters any compounds that may
have come from below, including any
organics. To understand Europa’s surface
chemistry and thus its habitability, it is critical
to understand how the local environment
interacts with the surface.

Composed principally of molecular oxygen
derived from the water ice surface, Europa’s
sputter-produced atmosphere has a surface
pressure of just ~2x107'% bar [Hall et al. 1995].
The abundance and distribution of the
atmospheric constituents are indicative of
surface processes and provide a direct link to
surface composition. Sputtering could eject
water molecules, molecular oxygen, and any
impurities within the ice, contributing to the
erosion of surface features. Some of these
molecules are ejected fast enough to escape
Europa, some add to the satellite’s atmosphere,
while others return to the surface, potentially
brightening the surface through time.
Sputtering also has the potential to expose
subsurface material that had not been in
equilibrium with the atmosphere. Once
released from the surface, some atmospheric
constituents, such as Na and K, are more
readily observed in their gas phase. Their
abundance relative to that on Io provides a
strong discriminator between endogenic and
exogenic origin for these species, which has
been used to argue for the presence of an
ocean on Europa [Johnson et al. 2002]. Thus,
probing the sputter-produced atmosphere of
Europa is a means of studying surface

November 15, 2010

constituents, from which parent molecules
could be inferred.

The very plasma that produces the tenuous
atmosphere also ionizes it to produce an
ionosphere [Kliore et al. 200la]. Existing
observations of both the atmosphere (Figure
4-12) and ionosphere (Figure 4-13) exhibit
considerable heterogeneity and complexity
[McGrath et al. 2009], which is currently
poorly understood [Cassidy et al. 2007, 2008].
A possible source of this heterogeneity might
be active geysers [Nimmo et al. 2007a,b], the
discovery of which would provide clues to
subsurface processes and interior structure.

Close to Europa, an interaction region is
formed in which the plasma, electric, and
magnetic fields are perturbed from their
background values. For example, the plasma
slows in the upstream region approaching the
satellite, enhancing the magnetic field strength
in that region. The nature and strength of this

4-12.

Figure Oxygen emission from Europa's
atmosphere, observed in ultraviolet wavelengths (1356
angstroms) with the Hubble Space Telescope [McGrath
et al. 2004]. This image shows emissions to be bright in
the anti-Jovian hemisphere, suggesting significant
heterogeneity and complexity.
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Figure 4-13. Compilation of all the Galileo radio occultation and near-occultation results illustrating the
nonuniformity of Europa's ionosphere. Figure from McGrath et al. [2009], courtesy of A. Kliore.

interaction field provides information on
ionospheric conductivity, the scale height of
the atmosphere, and the plasma pick-up rate.
Because Europa also produces its own induced
magnetic field, which implies the existence of
an ocean, the interaction region would reflect
those contributions as well. Characterizing the
perturbations from plasma near Europa is
critical for studies of the ocean
electromagnetic induction. Because surface,
atmospheric, ionospheric, and field and
particle  environments are  intimately
interconnected, an integrated set of magnetic
field, plasma, energetic particle, and neutral
atmosphere investigations are required to
unravel the numerous processes involved.

= Are trace species that reveal properties of
Europa's interior driven into the

atmosphere in sufficient quantities to be
detected?

» [s Europa's atmosphere produced chiefly
by the interaction of magnetospheric
particles with the surface?

Questions such as these regarding Europa’s
environment could be answered using specific
measurements, as discussed in §4.3.1.5.

422 Ganymede

Ganymede is the solar system’s largest
satellite and the only one known to have an
intrinsic magnetic field. Its surface could be
broadly separated into two geologically
distinct terrains: ancient densely cratered
terrain and younger heavily-tectonized terrain.
Ganymede’s surface composition is dominated
by water ice [McKinnon and Parmentier
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1986]. The edge of the bright polar “caps”
appears to follow the magnetospheric
boundary between open and closed field lines
[Khurana et al. 2007], which provides an
opportunity to examine differences in space
weathering processes on the same surface
under different conditions. Beyond the polar
caps toward equatorial regions, are found dark
non-ice materials, which may be hydrated
frozen brines similar to those inferred for
Europa; other minor constituents of
Ganymede’s surface include CO,, SO,, and
some sort of tholin material exhibiting CH and
CN bonds [McCord et al. 1998b]. There is also
evidence for trapped O, and Oj; in the surface,
as well as a thin molecular oxygen
atmosphere, and auroral emissions that are
concentrated near the polar cap boundaries
[McGrath et al. 2004].

It is not clear how active Ganymede is today.
Its internal dynamo implies a hot convecting
iron core that is cooling today from a heating
event that occurred only about 1 Gyr ago
[Showman et al. 1997]. Based on crater counts
and models of impactor flux, Ganymede’s
bright grooved terrain has a nominal age of ~2
Gyr; however, large uncertainties in the impact
flux through time imply that grooved terrain
may have been emplaced any time from ~400
Myr to >4 Gyr ago [Zahnle et al. 2003]. The
level of activity is an important outstanding
question.

4.2.21 Ganymede’s Ocean and Interior

Gravity: Ganymede’s bulk density is 1.94g/cm’,
implying a bulk composition that is about 40%
ice and 60% rock. Analysis of Galileo data
from several close flybys indicates that
Ganymede’s moment of inertia is 0.31 MR?.
The factor of 0.31 is the smallest measured
value for any solid body in the solar system,
implying a strongly differentiated interior
[Anderson et al. 1996]. Three-layer models,
constrained by plausible compositions,
indicate  that Ganymede is  strongly
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differentiated into an outermost ~800 km thick
ice layer and an underlying silicate mantle of
density 3000-4000 kg/m’. A central iron core
is allowed, but not required, by the gravity
data. The existence of Ganymede’s magnetic
field, however, supports the presence of such a
metallic core, and implies that it is hot enough
(>1300 K, Anderson et al. 1996) to be at least
partially molten today. Galileo gravity data
also indicate that Ganymede has internal mass
anomalies, possibly related to topography on
the ice-rock interface or internal density
contrasts [Anderson et al. 2004, Palguta et al.
2006].

Ocean

Galileo magnetometer data provide tentative
evidence for an inductive response at
Ganymede, which again suggests the presence
of a salty internal ocean tens of kilometers
thick at a nominal depth of 170 km. However,
the inference is less robust Europa and
Callisto, because the existing flyby data are
equally well explained by an intrinsic
quadrupole magnetic field (superposed on the
intrinsic  dipole), with an orientation that
remains fixed in time [Kivelson et al. 2002].
The tidal response of a satellite’s icy shell
strongly depends on the presence of an ocean.
Theoretically predicted tidal amplitudes on
Ganymede are about 7 to 8 m if an ocean is
present, and a few tens of cm if there is no
ocean [e.g. Moore and Schubert 2000].

Magpnetic field

Magnetometer data acquired during several
close flybys show that Ganymede has an
intrinsic magnetic field strong enough to
generate a mini-magnetosphere embedded
within the Jovian magnetosphere [Kivelson et
al. 1996]. A model with a fixed Ganymede-
centered dipole superposed on the ambient
Jovian field provides a good first-order match
to the data and suggests equatorial and polar
field strengths of ~719 and 1438 nT,
respectively; these values are 6—10 times the
120 nT ambient Jovian field at Ganymede’s
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orbit. Detection of numerous electromagnetic
and electrostatic waves and measurements of
energetic particles close to Ganymede confirm
the inference of a magnetosphere. The most
plausible mechanism for generation of
Ganymede’s intrinsic field is dynamo action in
a liquid-iron core [Schubert et al. 1996].

Some of the remaining outstanding questions
related to Ganymede’s interior structure
include:

= What are the characteristics of
Ganymede’s magnetic field and how is it
generated?

= Is Ganymede in hydrostatic equilibrium?

* What is the role of tidal heating in
Ganymede evolution?

4.2.2.2 Ganymede’s Ice Shell

Ganymede's outer Ice I shell is believed to be
~100 km thick above the internal ocean.
[Spohn and Schubert 2003]. A thermal
gradient steep enough to induce melting
implies an internal structure of ice phases I,
IlI, V and VI with increasing depth,
comprising the remainder of Ganymede's ~800
km thick H,O layer. The minimum melting
temperature of the ocean (near 250K) occurs at
the phase boundary between ice I and ice III.
A cooler ocean and a thinner ice shell would
be possible if alkali and halide salts were
present.

Little is known of the internal structure of the
ice shell, and how it relates to surface geology
(§4.2.2.4.). The uppermost several kilometers
of the ice shell is expected to behave as a cold
brittle-plastic mate