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Abstract

We present a White Paper with a science theme concept of ocean world evolution and
habitability proposed in response to ESA’s Voyage 2050 Call with a focus on Titan and
Enceladus in the Saturn system. Ocean worlds in the outer Solar System that possess
subsurface liquid water oceans are considered to be prime targets for extra-terrestrial life
and offer windows into Solar System evolution and habitability. The Cassini-Huygens
mission to the Saturn system (2004—2017) revealed Titan with its organic-rich evolving
world with terrestrial features and Enceladus with its active aqueous environment to be
ideal candidates to investigate ocean world evolution and habitability. Additionally, this
White Paper presents a baseline for a multiple flyby mission with a focused payload as an
example of how ocean world evolution and habitability in the Saturn system could be
investigated building on the heritage of the Cassini-Huygens mission and complementing
the recently selected NASA Dragonfly mission.

Keywords Enceladus - Titan - Ocean worlds - Voyage 2050

1 Introduction
1.1 Overview

Recent observations from the ground and in space have shown that Earth is not the only
place in the Solar System to possess exposed surface liquid. Observations have
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provided evidence of subsurface liquid water oceans covered by icy shells on multiple
objects in the Solar System, called ocean worlds, including the icy moons of Jupiter
(Europa, Ganymede, and Callisto) and of Saturn (Titan and Enceladus) as well as dwarf
planets (Ceres and Pluto) (see [83] for a review and De [33]). The NASA/ESA/ASI
Cassini-Huygens mission (2004—2017) has done much to advance our understanding of
the Saturn system in general and Titan and Enceladus in particular, and has shown
these satellites of Saturn to be two favourable locations in the Solar System in our quest
for a better understanding of the evolution of the Solar System and its habitable
potential. Both Saturnian moons possess energy sources, liquid habitats, nutrients
(organic compounds), and transport cycles of liquid moving nutrients and waste, all
necessary ingredients for habitability [46, 92]. Titan is the only active extraterrestrial
alkanological system in the Solar System (analogous to the Earth’s hydrological
system), including an organically rich atmosphere, hydrocarbon lakes and seas on the
surface and a liquid water subsurface ocean. Enceladus has active plumes composed of
multiple jets containing complex organics and water vapour and likely connected to its
liquid water subsurface ocean. Along with their energy sources, these bodies are prime
environments in which to investigate the conditions for the emergence of life and
habitability conditions of ocean worlds in the outer Solar System, as well as the origin
and evolution of gas giant planetary systems, in a single mission.

The Cassini-Huygens mission also introduced new first order scientific questions for
geologists, astrobiologists, organic chemists, and planetary scientists, that remain unan-
swered to date [30, 36, 117, 151]. On Titan, its resemblance to primitive Earth and the
presence of a rich mixture of organic material in contact with liquid reservoirs, which may
be in contact with the subsurface, constitute major motivations for further exploration of
the astrobiological potential of this ocean world [29]. On Enceladus, the accessibility of
the contents of its subsurface ocean and hydrothermal system is an unprecedented
opportunity to determine its abiotic or prebiotic potential while its comet-like composition
raises new questions about the evolution of the Saturnian system and the Solar System in
general. In the over two decades since the launch of the Cassini-Huygens mission in 1997,
there have been great technological advancements in instrumentation that would enable
answering key questions that still remain about the Saturnian ocean worlds.

We therefore propose a Voyage 2050 theme of ocean worlds evolution and habit-
ability with a focus on Enceladus and Titan in the Saturn system. Building on the
heritage of Cassini-Huygens, future exploration of Enceladus and Titan should be
dedicated to investigating the unique properties and the habitability potential of these
ocean worlds. The proposed baseline is for a large mission (class L) and consists of
multiple flybys using a solar-electric powered spacecraft in orbit around Saturn. The
proposed mission would have a focused payload that would provide high-resolution
mass spectrometry of the plume emanating from Enceladus’ south polar terrain and of
Titan’s upper atmosphere. High-resolution IR imaging would be performed of the
plume and the source fractures on Enceladus’ south polar terrain (SPT), and would
detail Titan’s geomorphology at 50-100 m resolution at minimum. In addition, radio
science measurements would provide constraints on the ice shell structure and the
properties of the internal ocean of Enceladus and constrain higher degree gravity field
components of Titan. The baseline mission is based on the Explorer of Enceladus and
Titan (E?T) concepts proposed as a medium-class mission led by ESA in collaboration
with NASA in response to ESA’s M5 Call [102], along with several other previous
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proposals (e.g., TSSM, [27]; TIME, [155]; JET, [149]) and will complement the
information provided by Cassini-Huygens, as well as the results of the newly-
selected NASA Dragonfly mission [79].

The baseline mission can address key scientific questions regarding extraterrestrial
habitability, abiotic or prebiotic chemistry, the emergence of life, and the origin and
evolution of ocean worlds. Optional elements include 1) an in-situ sea-probe to
investigate one of Titan’s northern seas as well as the lower atmosphere and 2) an
ice penetrating radar (IPR) to perform radar sounding of the subsurface of Titan and
Enceladus during flybys. The in-situ sea-probe would open up new vistas regarding
Titan’s seas and lakes, the hydrological system and the possibility of prebiotic or biotic
components within Titan’s seas, complementing the equatorial investigations of
NASA’s Dragonfly, while the IPR would reveal subsurface structures and processes
of Titan and Enceladus’ SPT. While the baseline mission is conceived as a multiple
flyby mission it can also include a final orbiter phase around Titan. The joint explo-
ration of these two fascinating objects would potentially be performed with interna-
tional collaboration and will allow us to better understand the origin of their organic-
rich, liquid water habitable environment and will give access to planetary processes that
have long been thought unique to the Earth. Finally, joint exploration of these ocean
worlds would complement NASA’s Dragonfly mission to Titan, which while unprec-
edented is only regional in scope exploring a low-latitude impact crater site (Selk
impact crater). Thus, local observations of Enceladus’ south pole, global observations
of Titan, and possible in-situ exploration of a northern sea are important science goals
that remain to be addressed by a future mission to the Saturn system.

1.2 Titan: An organic-rich evolving world

Shrouded by a dense atmosphere of nitrogen, methane, hydrogen, and haze products,
Titan, Saturn’s largest satellite, was once thought to host a global ocean of methane and
ethane on its surface [80]. Data from the Cassini-Huygens mission uncovered a fascinat-
ing Earth-like world beneath the haze with dunes (e.g., [74]), lakes and seas [154],
networks of rivers and canyons [123, 143, 163], and mountains [99, 131] and impact
structures [73, 110, 144, 176] within an alien landscape composed of organics and water-
ice. Titan’s dense, extensive atmosphere is primarily composed of nitrogen (97%) and
methane (1.4%) (e.g., [9]), and a long suite of organic compounds resulting from
multifaceted photochemistry which occurs in the upper atmosphere down to the surface
(e.g., [9, 45, 66, 173]). Titan’s organic-rich dense atmosphere has provided a rich field of
study with multiple models investigating the origin of its nitrogen atmosphere (e.g., [94,
105]), the persistence of atmospheric methane despite methane escape, and the distribu-
tion of its atmospheric components. The organics detected by the Cassini mission in
Titan’s atmosphere have provided tantalizing hints of the prebiotic potential of Titan’s
atmospheric aerosols [164]. For example, a compelling find by Cassini for abiotic or
prebiotic species is the discovery of complex large nitrogen-bearing organic molecules in
Titan’s upper atmosphere [23, 173]. Stevenson et al. [153] suggest that membranes
formed from atmospheric nitriles such as acrylonitrile could provide Titan analogues of
terrestrial lipids, a component essential to life on Earth.

Since methane is close to its triple point on Titan, it gives rise to an alkanological
cycle analogous to the terrestrial hydrological cycle, characterized by cloud activity,
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precipitation, river networks, lakes and seas covering a large fraction of the northern
terrain (Fig. 1) (e.g., [50, 97, 154, 163]). Titan is the only extraterrestrial planetary body
with long-standing liquid on its surface, albeit hydrocarbons instead of water, likely fed
by a combination of precipitation, surface runoff and subsurface alkanofers (hydrocar-
bon equivalent of aquifers) in the icy shell [50]. Recent work has shown that the
surfaces of Titan’s northern lakes and seas are on the same equipotential surface
confirming the presence of subsurface alkanofers [51, 89]. Titan’s seas and larger lakes
are typically broad edge depressions while many small lakes present as sharp edge
depressions often with raised ramparts [11] and some surrounded with rampart-like
structures [147]. Observations of water-ice poor 5-um bright material surrounding
Titan’s northern lakes and seas may be evaporite deposits [6]; though they are also
found in the largest areal concentration in equatorial regions and if they do represent
evaporites, suggest previous equatorial seas [85]. Experimental work in Titan condi-
tions is attempting to reveal compounds that could form evaporites on Titan and their
prebiotic and biotic potential [18, 19].

The presence of radiogenic noble gases in the atmosphere indicates some commu-
nication between the surface and the subsurface and is suggestive of water-rock
interactions and methane outgassing processes [161], possibly associated with cryo-
volcanic activity [71, 73]. The detection of a salty ocean at depth estimated between
50 km and 80 km beneath the surface [8, 62, 101, 148] and the possible communication
between this ocean and the organic-rich surface opens up exciting astrobiological
perspectives. While Cassini has provided tantalizing views of the surface with its lakes
and seas, dunes, equatorial mountains, impact craters, and possible cryo-volcanoes, its
low resolutions make it difficult to identify morphological features, to quantify geo-
logical processes and relationships between different geological units and monitor
changes due to geologic or atmospheric activity. Determining the level of geological
activity on Titan is crucial in understanding its evolution and whether this ocean world
could support abiotic or prebiotic activity.

Fig. 1 Cassini SAR mosaic images of the north polar region showing Kraken, Ligeia, and Punga Maria.
Black—yellow color map was applied to the single band data (from [100])
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1.3 Enceladus: An active aqueous environment

The discovery in 2005 of a plume of multiple jets emanating from Enceladus’ south
polar terrain (SPT) is one of the major highlights of the Cassini-Huygens mission
(Fig. 2) [35, 84, 124, 150]. Despite its small size (10 times smaller than Titan),
Enceladus is the most active moon of the Saturnian system. Although geyser-like
plumes have been observed on Triton [145] and more recently transient water vapor
activity around Europa has been reported [134, 135], Enceladus is the only one proven
to have current endogenic activity. Approximately 100 jets [125] form a huge plume of
vapor and ice grains above Enceladus’ south polar terrain and are associated with
abnormally elevated heat flow along tectonic ridges, called ‘tiger stripes’. Enceladus’
endogenic activity and gravity measurements indicate that it is a differentiated body
providing clues to its formation and evolution [63]. Gravity, topography and libration
measurements demonstrate the presence of a global subsurface ocean [20, 63, 93, 157].
Analysis of the gravity data showed that Enceladus’ ice shell thickness above the
subsurface ocean is likely 30—40 km, from the south pole up to 50° S latitude [63] while
libration data suggest a mean thickness of 21-26 km [157]; however recent models
have shown that the variable ice shell thickness in Enceladus’ south pole can be as little
as 5 km [20, 21]. This variable ice shell thickness could be the result of heat flux
variation along the ice-ocean interface due to true polar wander [156].

Postberg et al. [127] and Porco et al. [125] have shown that most of the plume
material is likely not from the upper brittle layer of the ice shell but from a subsurface
liquid water reservoir beneath the icy shell. Libration measurements finally confirmed
the presence of a global ocean [157]. Sampling of the plume by Cassini’s instruments
revealed the presence of water vapor, ice grains rich in sodium and potassium salts
[128], gas and solid phase organics [126, 129, 174]. The jet sources are connected to a
subsurface salt-water reservoir that is probably alkaline in nature and the site of possible
hydrothermal water-rock interactions [40, 57, 58, 124, 125, 127, 128, 172, 174].

The co-existence of organic compounds, salts, liquid water, and energy sources on
this small moon provides all the necessary ingredients for the emergence of life by
chemoautotrophic pathways [91] — a generally held model for the origin of life on Earth
in deep sea vents, such as the Lost City hydrothermal field located in the Mid-Atlantic
Ridge. The eruption activity of Enceladus offers a unique possibility to sample fresh

Fig. 2 Plume emanating from multiple jets in Enceladus’ south polar terrain. Image credit: NASA/JPL-
Caltech
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material emerging from subsurface liquid water and to understand how exchange
processes with the interior control surface activity. It provides us with an opportunity
to in situ study phenomena that have been important in the past on Earth and
throughout the outer Solar System.

2 Science case after the Cassini-Huygens mission

While Cassini-Huygens and its extended missions have revealed much about Enceladus
and Titan [36, 84], the spacecraft was not equipped to search for life or constrain the
evolution of these ocean worlds and many open questions remain. In situ measurements
by Cassini at Enceladus and Titan revealed a wealth of chemical complexity of neutral
and positively charged molecules. However, analysis was restricted by mass spectroscop-
ic instruments, which were limited by their low sensitivity, mass range, and resolution and
subsequent inability to resolve high-mass isobaric molecular species, neutral and positive
ions. For example, in Enceladus’ vapor plume an unidentified species with a mass-to-
charge (m/z) ratio of 28, which is thought to be either CO, N,, C,H, or a combination of
these compounds was detected. Determining the abundance ratio between these different
species is essential to constrain the origin of volatiles on Enceladus and to assess whether
they were reprocessed internally. The evidence of high temperature hydrothermal activity
[59] within Enceladus’ subsurface ocean provides strong incentive to test the plume for
prebiotic and biotic signatures using high-resolution spectrometers. Further, putative
exothermic water-rock interactions on Enceladus could be further constrained by quan-
tifying H, in the plume. On Titan, higher resolution spectroscopic instruments would
enable better constraints on complex organic processes and components occurring in
Titan’s atmosphere, particularly those with prebiotic and biotic potential.

The geology and morphology of both Titan and Enceladus has been revealed by
Cassini Visual and Infrared Mapping spectrometer (VIMS), Imaging Science Subsystem
(ISS), and RADAR SAR imagery but only at low to moderate resolutions. Additionally,
imaging of the surface was also constrained on Titan by scattering of atmospheric aerosols
and absorption that limited signal-to-noise. A future mission to Titan can provide images
in the mid-IR range at or around 5 um since images at these wavelengths are subject to
minimal scattering [7, 146] enabling diffraction limited images that are extremely sensi-
tive to composition [5, 22] with spatial resolutions an order of magnitude better than
Cassini observations [5, 22, 146]. A high-resolution map would enable a vastly improved
investigation of Titan’s geology, hydrology, and composition variability and would
enable the detection of morphology not evident from Cassini data, quantify geological
processes and relationships between different geological units and examine alterations due
to geologic, atmospheric or seasonal activity. Recently an ice-rich linear feature of
bedrock, covering 40% of Titan’s circumference was discovered using statistical analysis
of 13,000 Cassini VIMS images [43]; it is likely many features with weaker spectral
signatures remain to be discovered. High-resolution imaging of Enceladus’ SPT will
provide new detail of the tectonically active surface, constrain characteristics of the
hydrothermal system by investigating the composition and kinematics of Enceladus’ jets
and plumes. Further IR imaging will view thermal emission from Enceladus’ hot spots
and constrain the presence of anomalous heat signatures in the SPT [69], at resolutions
comparable to ISS observations of the SPT.
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Gravity field measurements are powerful tools to constrain the interior structure and
to assess mass anomalies, providing information on the internal dynamics and evolu-
tion. Gravity measurements of Enceladus’ south pole can be used to find a local
solution of the SPT gravity field and its time-variation (using along-track data) rather
than a global solution. In the south polar region, we expect a larger time-variation of the
gravity field with respect to the global solution of the time variation of the gravity field
due to the fact that the ice shell thickness is expected to be locally thin at the SPT. A
radio science experiment that will determine the local solution of the gravity field of
Enceladus at the SPT will allow the determination of the thickness variation at the south
polar regions and constraints on the mechanical properties (viscosity) of the ice
overlying an outer ice shell. The expected tidal deformation is characterized by a
pattern more complex than the standard degree-two pattern, with a strong amplification
of the tidal fluctuation in the SPT. Should a final Titan orbiter phase be included in the
baseline mission, higher degrees of gravity coefficients, up to at least degrees twelve
could be obtained as well as an estimation of the real and imaginary parts of Titan’s
Love number, k,,with an accuracy of 0.0001 [165]. The characterization of the global
gravity field of Titan and/or Enceladus might also be significantly improved through a
pair of companion small satellites, to be released by the mothership around either
moons. This element may complement the science observations of the larger spacecraft,
through a combination of Satellite-to-Satellite Tracking (SST) between two smallsats or
between one smallsat and the mothership. Preliminary simulations have shown that in
just three months this technique would allow to estimate the static gravity field up to at
least degree thirteen (for Titan) and degree twenty (for Enceladus), while the real and
imaginary part of k, can reach an accuracy of about 0.08 for Titan and 0.002 for
Enceladus [166, 167]. This optional element may be studied in parallel to the mission
options 1) sea probe (lander) and 2) ice penetrating radar listed in the Introduction and
discussed in more detail in Sections 3.2, 3.3 and 5.

The subsurface processes and structures of both Titan and Enceladus can be further
investigated with an ice penetrating radar (IPR), which uses microwaves to penetrate
through the surface to examine subsurface characteristics. Structural, thermal, and
compositional profiles of subsurface structures and thickness of the regolith layer can
be used to characterize the surface and subsurface structures and determine their
correlation to each other. Further determination of the ice-ocean interface at Enceladus’
SPT and the brittle-ductile interface within Titan’s ice shell can constrain evolutionary
and thermal processes. Radar sounding instruments have been used in multiple space
missions on Mars and the Moon (e.g., [53, 119, 122, 141]) and will be used to examine
Europa and Ganymede in the Jupiter system in ESA’s upcoming JUICE mission [14,
15]. The upcoming NASA mission, Europa Clipper, will radar sound Europa during a
series of multiple flybys while in orbit around Jupiter [12].

While Cassini has provided stunning imagery of Titan’s lakes and seas (e.g. [154])
and VIMS and RADAR data have been used to constrain their composition and
bathymetry [13, 73, 88], open questions regarding their formation, particularly smaller
sharp edge depression lakes, the extent of subsurface communication, composition of
the lakes and seas and the evaporites that often surround them as well as paleolakes in
the south pole and possible presence of lakes or empty lake basins outside the polar
regions still remain (e.g. [103, 117]). The combination of high resolution remote
sensing and in situ measurements can answer many questions. In addition, in situ
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studies of one of Titan’s seas would complement data obtained by the Dragonfly
mission, which was selected by NASA in 2019 as part of its New Frontiers program
as an upcoming mission to be launched in 2026 and arrive at Titan in 2034. The
Dragonfly mission while unprecedented is only regional in scope exploring the low-
latitude Selk impact crater region with a flying rotorcraft drone [79]. Thus in situ
exploration of a northern sea and global observations of Titan are important science
goals that remain to be addressed by a future mission to the Saturn system.

Science goals to be resolved by a future baseline multiple flyby mission to Titan and
Enceladus, based on the E2T mission proposed for ESA M5 study [102] are shown in
Table 1. Additional science goals that can be investigated with the option #1 of in situ
exploration of a northern sea and/or the option #2 of radar sounding of the surface of
Titan and Enceladus SPT during multiple flybys or Titan’s orbiter are described in
Table 2 and Table 3 respectively.

3 Missions scenarios
3.1 Baseline mission scenario

The proposed baseline mission concept consists of a solar-electric powered spacecraft
performing multiple flybys of Titan and Enceladus while in orbit around Saturn. The
proposed baseline mission is based on the Explorer of Enceladus and Titan (E2T)
proposed as a medium-class mission led by ESA in collaboration with NASA in
response to ESA’s M5 Call [102]. The proposed baseline mission concept for this
White Paper is for a large class ESA mission (class L). The evaluated cost from ESA
review for E2T is 950 ME that fit in a large mission budget constraint.

The baseline payload would consist of three scientific instruments: two time-of-
flight mass spectrometers and a high-resolution infrared camera, while the telecommu-
nication system would be utilized to perform gravity science. The baseline interplan-
etary transfer, cruise and flyby phases are all based on a proposed launch in 2029-2030
and therefore are included only as example trajectories. After the launch, the spacecraft
will transfer from geosynchronous transfer orbit (GTO) to a hyperbolic escape trajec-
tory and would pursue a gravity assist flyby of the Earth to help propel itself to the

Table 1 Science goals of baseline mission

Science summary

Science goals Science objectives

Origin and evolution of volatile-rich ocean - Are Enceladus’ volatile compounds primordial or have they
worlds, Enceladus and Titan been re-processed and if so, to what extent?
- What is the history and extent of volatile exchange on Titan?
- How has Titan’s organic-rich surface evolved?

Habitability and potential for life of ocean - Is Enceladus’ aqueous interior an environment favorable to the
worlds, Enceladus and Titan emergence of life?
- To what level of complexity has prebiotic chemistry evolved in
the Titan system?
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Table 2 Science goals of optional sea probe (lander) element

Science summary

Science goals Science objectives

Origin and evolution of Titan’s lakes - How does the hydrological cycle work, and what is the role of the
and seas lakes and seas? How have the seas and lakes evolved over time
(e.g., shorelines)?
- Constrain the depth of a Titan sea
- What is the lower atmosphere over the sea?
- Constrain sea-atmosphere interactions

Habitability and potential for life of - What is the composition of the seas and lakes?- Are there any
Titan’s lakes and seas prebiotic or biotic signature compositions?- What is the
composition of evaporites and what is their relation to the lakes and
seas?

Saturn system. The cruise phase from Earth to Saturn would be 6 years long. After the
arrival in the Saturn system, the mission is divided in a first Enceladus science phase
and in a second Titan science phase. The spacecraft should perform at least 6 flybys of
Enceladus above the south polar terrain (SPT) and at least 17 flybys of Titan. To
prevent contamination of Enceladus science by Titan’s organics, E2T spacecraft will
perform close flybys of Enceladus at the beginning of the tour (Enceladus science
phase); distant flybys of Titan will be performed during the initial tour phase.

After the main Enceladus phase, close flybys of Titan with atmospheric sampling
will be performed (Titan science phase). During the Titan science phase, the spacecraft
will provide in situ sampling of the upper atmosphere at a minimum altitude from Titan
surface as low as 900 km using mass spectrometers. At the closest approach the
velocity of the spacecraft with respect to Titan’s surface will be ~7 km/s. Imaging data
would be collected during inbound and outbound segments of each flyby. The duration
of the tour from its arrival in the Saturn system to the end of the 17-flyby Titan phase is
about 3.5 years. Figure 3 shows a proposed interplanetary transfer to Saturn and Fig. 4
shows a proposed sample tour. Both Figs. 3 and 4 are based on a proposed E2T launch
of 2029-2030 [102]. Figure 5 shows the proposed configuration of the spacecraft for
the E2T project. While the baseline mission is conceived as a multiple flyby mission it

Table 3 Science goals of optional Ice Penetrating Radar (IPR) element

Science summary

Science goals Science objectives
Interior structure and processes of - What is the thickness of the surface organic material layer on Titan?
Enceladus and Titan - How does ice thickness vary in Enceladus’ south polar terrain?

- Constrain brittle-ductile transition within Titan’s ice shell

- How do the surface and subsurface features correlate on Titan and
Enceladus?

- Constrain the extent of Enceladus’ ocean at SPT

- Constrain anomalous thermal emission beneath SPT

- What is the extent of surface and subsurface communication especially
in the polar regions of both Titan and Enceladus?
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can also include a final orbiter phase around Titan similar to the final orbiter phase of
the JUICE (JUpiter ICy moons Explorer) spacecraft around Ganymede in the
upcoming ESA JUICE mission.

3.2 Option 1: Titan Sea lander

The spacecraft will carry a scientific payload consisting of remote sensing instruments
and experiments aforementioned while if Option #1 is utilized the spacecraft will also
carry an Entry, Descent and Landing (EDL) module containing a sea lander equipped
with an instrument suite capable of carrying out in situ measurements of one of Titan’s
north polar seas. Figure 6 shows a proposed sea lander and entry vehicle. During the
descent, the probe will make in situ measurement of the atmosphere. Once a successful
splashdown has been achieved, the sea probe will be taking measurements sampling
both the liquid of the seas and the atmosphere above. Previous analysis for a mission
that considered the exploration of Titan using an orbiter, a lake-probe, and a balloon
demonstrated the feasibility of such mission (the Titan Saturn System Mission Study
TSSM, [28]) as did the study of the Titan Mare Explorer (TiME) [155] which was a
lake lander only mission to in-situ investigate one of the large north polar mare on
Titan. In addition, Mitri et al. [101] presented the science case for the exploration of
Titan and one of its seas with an orbiter and a lake probe. If Option #2 is utilized, the
spacecraft will carry a nadir-looking ice penetrating radar sounder (IPR).

The sea lander will sample Titan’s atmosphere obtaining temperature, wind, humid-
ity, and composition profiles during its descent. Once the sea lander is in the Titan sea,
it will make a number of measurements including bulk and trace composition of the sea

Arrive:Saturn
4/26/2036

@ﬁomr\
mass: 2753.0 kg

flyby alt: 0 km
v 5.72 km/s

Depart:Earth /ﬁs\ \]Flyby:Earth
4/27/2030 8/20/2031

tof: 0.0 days . [tof: 480.5 days
(mass: 4029.0 kg) mass: 3637.0 kg
flyby alt: 0 km e flyby alt: 500 km
v_:3.09 km/s " ; /'v_:9.28 km/s
x ki B
QN

S

Fig. 3 Example interplanetary transfer to Saturn studied for E2T proposal based on a proposed launch in
2029-2030 [102]. Red arrows indicate electric propulsion thrust. Such a scenario could be used to design a
future transfer trajectory
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Fig. 4 Inertial representation of a sample tour based on a proposed 2029-2030 launch with two period- and
inclination-management Titan flybys followed by a science phase with 6 Enceladus flybys and 17 Titan flybys
[102]

and lower atmosphere, and bathymetric and shoreline profiles; additionally, the shore-
line of the sea can be imaged during the descent. A possible instrument suite utilized by
a sea lander with associated science goals and measurements is shown in Table 4 [101].

The sea lander will relay data to the spacecraft, which will serve as the communi-
cations link between the probe and Earth. Direct-to-Earth (DTE) communication of the
sea lander is a possible complementary communication method. Lorenz and Newman
[75] have found that the seasonal geometry at Titan’s north pole allows DTE from the
seas until 2026 and after 2040. Given the opacity of Titan’s atmosphere, the use of a
solar powered generator for the sea-probe is infeasible if its operations need to last more
than a few hours. The sea lander portion of the proposed mission will be short-lived due
to technical constraints. Current technology dictates that the use of batteries will only
provide power to the sea lander on the order of hours; though this technology will likely
improve. The sea lander will not have propulsion capabilities rather it will be propelled
around the lake by winds and possible tides; Lorenz and Mann [76] have studied the
wind and wave conditions that a floating Titan sea lander might encounter. Testing of a
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Fig. 5 Proposed configuration of the spacecraft for the E2T project. Top panel shows an enlarged view of the
spacecraft and below panel shows a close-up view of the spacecraft [102]

scale model of the proposed Titan Mare Explorer sea lander capsule has revealed
important data regarding potential science operations and lander-lake dynamics [77,
78]. Recent work proposes that a sea-lander could possibly not only float but also be able
to propel itself utilizing mechanical tensegrity structures [38]. The use of a radioisotopic
power generator for the sea probe could be requested to be the technology used, which
could significantly reduce the amount of plutonium fuel. The Advanced Stirling Radio-
isotopic Generator (ASRG), based on Stirling power conversion technology, offers a four-
fold reduction in the amount of plutonium fuel compared to radioisotope thermal gener-
ators (RTG) used in previous interplanetary missions [155]; while NASA has ended
funding for in-flight development of ASRG technology in 2013 due to budget cuts,
research continues on this technology and other radioisotope power systems in NASA
[120]. Additionally, the development of radioisotopic power using Americium (> Am)
currently being developed by ESA since 2008 is another possible option [4].

Fig. 6 Examples of a sea lander and entry vehicle. The left-hand panel shows front and back views of the sea
lander inside the entry vehicle while the right-hand panel shows the sea lander only. Credit: JPL
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Table 4 Science objectives, measurements, and proposed techniques for option 1, the sea probe/lander [101]

Science objectives Measurements Approaches and

requirements

Lakes/seas  Characterize one of Titan’s Sea composition, including low Mass spectrometry

northern seas and its
chemical composition
(astrobiological potential)

Atmosphere Determine Temperature,

Pressure, composition,
evaporation rate, and
physical properties that
characterize lake and
atmosphere interactions

Characterize the atmospheric

and high mass hydrocarbons,
noble gases, and carbon
isotopes

Exchange processes at the

sea-air interface to help con-

strain the methane cycle

Presence and nature of waves

and currents

Properties of sea liquids
including turbidity and
dielectric constant

Sea depths to constrain basin
shape and sea volume

Shoreline characteristics,

including evidence for past

changes in sea level

Determine Temperature,
Pressure, composition,
evaporation rate, and
physical properties that
characterize lake and
atmosphere interactions

Determine the composition

Low atmosphere physical
properties package
(temperature sensor,
barometer,
anemometer)

Low-atmosphere physical
properties package
(temperature sensor,
barometer,
anemometer)

Physical properties
package

Surface Imaging (~250
prad/pixel)

Sea physical properties
package (turbidity and
dielectric constant
measurements)

Sonar

Surface Imaging (~250
prad/pixel)

Surface Imaging (~250
prad/pixel)

Mass spectrometry
Physical properties
package

Mass spectrometry

composition during probe
descent

3.3 Option 2: Radar sounder

The ice penetrating radar (IPR), following the heritage of JUICE RIME and Europa
Clipper REASON, would be capable of both shallow and deep sounding to characterize
the subsurface with a depth of 9 km and ~30 m vertical resolution at minimum. Both
RIME and REASON are to operate at a high frequency (HF) band with a center-
frequency of 9 MHz and possess bandwidths between 1 MHz and 3 MHz while
REASON operates at an additional VHF frequency with a center frequency of
60 MHz [14, 44]. An IPR can characterize structural, compositional, and thermal
variations occurring in the subsurface providing data that can correlate surface and
subsurface features and processes, deformation in the upper ice shell, as well as global
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and local surface age. In addition, an IPR can also investigate the ice-ocean interface at
Enceladus’ SPT and brittle-ductile transition on Titan constraining the thickness and
thermal evolution of the ice shells. An additional option for radar architecture could be
a multi-mode radar design suitable for both sounding and imaging to be operated in two
modes: a vertical sounder mode with similar capabilities as described above though
with different architecture, and a Synthetic Aperture Radar (SAR) imaging mode,
similar to Cassini [37], but with a higher resolution at tens of meters. The additional
SAR mode could be used for high-resolution imaging of the surface, complementing
the IR imaging, as well as for creating three-dimensional high-resolution bathymetric
maps of Titan seas and lakes and could permit investigation of any possible composi-
tional variation in space and time of the hydrocarbon liquid and/or sea floor properties.

4 Science case for the baseline mission scenario

In this section we discuss the science goals and themes for the proposed baseline mission
based on the E2T mission submitted to ESA in response to the M5 Call [102]. Discussion
of the science themes of the proposed mission options is discussed in Section 5.

4.1 Origin and evolution of volatile-rich ocean worlds, Enceladus and titan

The origin of volatiles currently present on Titan and Enceladus is still being debated.
New data are needed to determine if the volatile inventory is pr