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Abstract
This report aims to assess the current status of planetary protection in missions to icy moons and to
provide new and unique recommendations for how future missions can be improved. The report is
designed to be of use by people who direct or are involved in technology development strategy to
support interplanetary missions. Human activities in space are progressing such that we are
approaching places beyond Earth where extant life may exist or extinct life may have existed. The icy
moons, such as Enceladus and Titan, present conditions that could host life. Several missions have
flown, are planned, designed, or conceptualized to further investigate these moons. To continue the
exploration of these moons and maintain strict scientific and ethical standards, planetary protection
must be considered. Notably, contamination of these bodies must be minimized. In the case of sample
return missions, backwards contamination of the Earth must also be avoided. This report considers
the rationales for the search for life, reviews existing planetary protection policies, and summarizes
various mission concepts. Additionally, a NASA technology roadmap is reviewed and analyzed in order
to prioritize technology development for such missions. Throughout the report conclusions are drawn
from the information and recommendations are then derived. From the recommendations two
proposals are made for 1) the implementation of prioritized technology development and 2) the
SEDNA Orbital Platform for sample return analysis. This Team Project was conducted by the SEDNA
Team as part of the International Space University (ISU) Master of Space Studies (MSS) 2016. The Team
consists of 20 people from 14 countries with a range of backgrounds. Although the Team knew little
of astrobiology before starting this study, several of our members are now keen to pursue further
study in this field and to support the ongoing search for life beyond Earth.
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Faculty Preface

“I seemed to vow to myself that some day I would go to the region of ice and snow
and go on and on till I came to one of the poles of the earth, the end of the axis
upon which this great round ball turns.” Sir Ernest Shackleton (1874-1922)

The search for extraterrestrial life, both extant and extinct, is fascinating and complex. Great progress
has been made in the last two decades. Astrobiologists have identified and characterised distant
Exoplanets. In fact, there are some 2,000 confirmed planets and numerous Exoplanet Candidates.
Closer to home, the icy moons of the outer Solar System – Enceladus, Titan, Europa and others -- are
of prime interest in our quest for life. Although seemingly hostile, these frigid satellites possess some,
or all, of the rudimentary constituents for life to emerge: liquid water, organic material and a source
of energy to enable biochemical reactions.
Given the great potential of these icy moons of the outer Solar System, it is unsurprising that several
ambitious missions are already being planned by space agencies. In this context, the challenge of
Planetary Protection (‘responsible exploration’), merits special consideration. This International Space
University (ISU) Team Project (TP) does just this. “TP SEDNA”, considers diverse and interdisciplinary
aspects of Planetary Protection, which should be addressed by space agencies, policy makers and
others involved in future space missions to “the region of ice and snow”.
The 20 men and women members of the M.Sc. (Space Studies) TP SEDNA hail from 14 different
countries and undertook their research at ISU’s Central Campus in, Strasbourg, France. They have
diverse academic and professional backgrounds ranging from Astrophysics to Economics. They
commenced their TP investigation in early November, 2015, by undertaking a comprehensive,
interdisciplinary Literature Review, which was delivered to ISU’s faculty in December. Based on their
findings – including numerous communications with experts in the field of astrobiology – they decided
to focus their attention on planetary protection improvement. Their work is summarized in this Report,
which was submitted for evaluation in late March, 2016.
The team is to be commended for several reasons. Managing a group as diverse as this one is highly
complex and not without its glitches. However, they have made great progress in recent months based
on motivation, tenacity and, quite frankly, learning from their mistakes during the Literature phase of
the TP. The fruits of their labour are presented here as a unique document in keeping with ISU’s ‘3I’
credo: Interdisciplinary, International and Intercultural.

Associate Professor Hugh Hill,
Resident Faculty,
ISU Central Campus,
Strasbourg,
France
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Author Preface
The search for life beyond Earth is a pursuit that has occupied the minds of many people for many
years. For example, the Greek philosopher, Epicurus (341–270 BC), was documented as writing about
the existence of other worlds: “With regard to living things, it cannot be proven that the seeds from
which animals, plants and other things originate are not possible on any particular world-system”
(Dunfer et al., 2013). It is with the advent of modern technologies that humanity is able now to actively
begin this search. Through the use of powerful optical and radio telescopes, semi-autonomous robotic
systems, spectroscopy, and many other technologies, we now have the ability to observe and to send
probes into the Universe. It is this very ability and the questions that surround it that provide the basis
of this project.
This project began with a broad scope, which was to find a timely and important subject within the
field of astrobiology, to study this field and to make some contribution thereto. The SEDNA Team, as
we came to be known, made a comprehensive review of the astrobiology field which provided the
basis of our Literature Review. It was this review that indicated the increasing relevance and
importance of planetary protection and also the increasing interest in the presence of life on icy moons
in the Solar System.
This subject of Planetary Protection reflects well the ISU philosophy of approaching matters in an
Interdisciplinary, International, and Intercultural manner. Indeed, planetary protection requires the
synthesis of scientific objectives, engineering methods, political agreement, and ethical questions. Our
team reflects the same philosophy. We are 20 people boasting 13 specializations, and speaking over
15 languages. Our youngest member is 22 years old and our oldest is 63 and there is a wide distribution
in the middle.
It is through strong cooperative efforts within the team that we were able to produce this report. We
were able to form a functional working structure, working process, all the while, always reviewing,
and improving. We were able to maximize the wide array of skills within our team, such as our experts
in graphics, as well as to exploit the interest of our team in this subject. A strong connection within
our group, and indeed, throughout ISU, is the passion for space activities. The search for life is
synonymous with space and a great inspiration to pursue space further.
The SEDNA Team has reviewed a variety of sources including technology roadmaps, journal papers,
and comments from ISU internal and external advisors in order to produce this report. Indeed, the
advice from our advisors has been of great help in guiding us and helping us to form our ideas. We
hope that the diversity of this subject, of our team, and of our advisors is reflected in this report. We
hope, too, that our report will act as a guide to support humanity in its scientific quest to explore,
understand, and respect the universe.
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Glossary of Terms
Term

Definition

Aeroshell

A firm heat-shielded shell that assists decelerate and protects a
spacecraft vehicle against heat, pressure and possible debris created
by drag when entering the atmosphere. Its primary components are
a heat shield and a back shell.

Alien Life

Life which does not begin from Earth biosphere

Astronaut
Contamination

The contamination of astronauts with some extraterrestrial
organisms.

Backward
Contamination

The situation where extraterrestrial organisms are taken back to the
biosphere of Earth either through retrieval of samples or from
contamination of a returning spacecraft or the transference of
extraterrestrial organisms, if they exist, back to the Earth’s
biosphere

Callisto

The second largest of the Jupiter moons and it is the third largest in
the solar system, roughly the same size as Mercury.

Chirality

A geometric characteristic of some ions and molecules

Contamination

Causing something to be impure or unsuitable by contact with
something unclean, bad

COPUOS

Committee on the Peaceful Uses of Outer Space (COPUOS) is an
organization set up by the UN General Assembly to oversee the
exploration and use of space for the benefit of all humanity: for
security, peace and development.

COSPAR

Committee on Space Research (COSPAR), established through the
International Council for Science for the advancement of scientific
research in space on an international level, with prominence on the
free exchange of information, results, opinions, and providing a
platform, open to all scientists, meant to discuss problems that may
impinge space research.

Cryogenic Liquid

A liquid with a normal boiling point below –130°F (–90°C)

Eccentricity

A degree of the non-circularity of orbits

Enceladus

The sixth-largest moon of Saturn. Mostly covered by fresh, clean ice,
reflecting nearly all the sunlight which strikes it, making its surface
temperature at noon to get to only −198 °C (−324.4 °F).

E-ring

The second outmost ring and is exceedingly wide; it comprises of
numerous tiny (micron and sub-micron) particles of water ice with

xiv

silicates, carbon dioxide and ammonia. The E Ring is distributed
between orbits of Mimas and Titan
Ethane

An organic chemical compound which has a chemical formula C2H6.
Ethane is usually a colorless, odorless gas at standard temperature
and pressure

Europa

The sixth-closest moon of Jupiter. It is also the smallest of its four
Galilean satellites, however, it is still the sixth-largest moon in the
Solar System

Extraterrestrial Life

Life which does not develop from Earth. Also referred to as alien life

Flybys

A flight transiting close to a defined target or position, particularly a
maneuver in which a spacecraft or satellite passes suitably close to a
body to make thorough observations even without orbiting or
landing

Forward Contamination

A situation where humans carry organisms to other celestial bodies
on-board robots, rovers, spacecrafts, probes and other technological
equipment or aboard a human mission or transfer of viable
organisms from Earth to other celestial body.

Ganymede

Jupiter’s moon and is the largest satellite in the solar system. It is
larger than Mercury and Pluto, slightly smaller than Mars; it can
easily be classified as a planet if it were orbiting the sun rather than
Jupiter.

Geology

Science that concerns the dynamics and physical history of the
earth, the rocks that it is made of, and the chemical, physical and
biological changes that the earth has passed through or is
undergoing.

Gravitational Influence

A place or sphere of influence (SOI) in astrodynamics and
astronomy. It is the oblate-spheroid-shaped region nearby a celestial
body where the main gravitational influence on an orbiting entity is
that body

Hydrothermal Vents

A crevice in a planet's surface from which geothermally heated
water emanates

Icy Moons

A category of natural satellites with surfaces made mainly of ice. An
icy moon may contain an ocean underneath the surface, and may
comprise a rocky core of silicate or metallic rocks.

Io

The innermost of the four Galilean moons of Jupiter. It is the fourth
largest moon and has the highest density of all the moons, and is the
driest recognized object in the Solar System

In-situ

Located in the original, natural, or existing place or point

xv

International
Astronautical
Federation

An international space promotion organization located in Paris. It
was founded in 1951 as a non-governmental organization

Jovian System

Jupiter, which is the fifth planet from the Sun, and its system of
moons, including Europa, Ganymede, Callisto and Io

Kraken Mare

The largest recognized body of fluids on the surface of Titan

Magnetosphere

The area of space, around a planet, which is controlled by the
planet's magnetic field.

Mass Spectrometer

An analytic procedure that sorts ions according to their mass (or
"weight")

Methane Lake

Condition whereby Methane plays the function of water on Titan
serving as a condensable greenhouse gas, forming clouds and rain,
and pooling on the surface as lakes

Mineralogy

A discipline of geology concentrating on the scientific study of
crystal structure, chemistry, and physical properties of minerals

Neutral Buoyancy

A situation where a physical object's average density is equal to the
density of the fluid in which it is immersed

Payload

A satellite, or spacecraft, space probe carrying humans, scientific
instruments, experiments, or cargo.

Perturbations

A small alteration in a physical system, such as a change in a planet's
orbit rising from the gravitational influence of other celestial bodies.

Planetary Protection

A guiding principle in the design of an interplanetary mission to
avoid biological contamination of both the celestial body in focus
and the Earth

Planetary Protection
Officer

An individual saddled with fostering the responsible exploration of
the solar system by implementing and developing works that
safeguards the science, explored environments, and Earth.

Regolith

A strata of movable, heterogeneous superficial material covering
solid rock. It comprises soil, dust, broken rock, and other related
materials and is present on Moon, Earth, Asteroids and Mars and
other terrestrial worlds.

Sample

A measure, part, or segment that is representative of a whole

Spin stabilization

The technique of stabilizing a satellite or launch vehicle through
spin, a satellite has the motion of one axis held (relatively) fixed
done by spinning the satellite around that axis

Sterilization

Any process that removes or kills and deactivates all types of life and
other biological agents such as viruses
xvi

Submersible

Capacity of being submersed or go beneath

Sulcus

A furrow or fissure, particularly a fissure in between two
convolutions

Tidal Forces

A secondary consequence of the force of gravity and is accountable
for the tides. It happens because the gravitational force exerted by
one body on another is not the same or constant across it; the
nearest side is attracted more strongly than the farthest side

Titan

The largest moon of Saturn. The only natural satellite acknowledged
to have a dense atmosphere and the single object apart from Earth
where clear proof of established bodies of surface liquid has been
discovered

Tunnelling

A passageway that passes under the ground, through a hill, objects,
etc.

Universe

All of time and space and all that is within it. It includes galaxies,
planets, stars and contents of intergalactic space, the smallest
subatomic particles and energy and all matter

xvii

List of Abbreviations
3
3GM

Gravity and Geophysics of Jupiter and Galilean Moons

A
AA
ADCS
ASI
ASRG
AUV

Associate Administrator
Attitude Determination and Control System
Agenzia Spaziale Italiana (IT)
The Italian Space Agency (EN)
The Advanced Stirling Radioisotope Generator
Autonomous Underwater Vehicle

C
CDC
CDA
CLEO/P
CNES

Centers for Disease Control and Prevention
Cosmic Dust Analyzer
The CLipper Europa ESA Orbiter/Penetrator
The Centre National d'Études Spatiales (FR)
The National Centre for Space Studies (EN)

CNSA
COMEST

The China National Space Administration
Commission mondiale d’éthique des connaissances scientifiques et des
technologies (FR)
Commission on the Ethics of Scientific Knowledge and Technology (EN)

COPUOS
COSPAR

Committee on the Peaceful Uses of Outer Space
The Committee on Space Research

D
DADU
DAMPE
DLR

Deeper Access, Deeper Understanding
The DArk Matter Particle Explore (Satellite)
Deutsches Zentrum für Luft- und Raumfahrt (DE)
The German Aerospace Center (EN)

DNA
DSMZ

Deoxyribonucleic Acid
Deutsche Sammlung von Mikroorganismen und Zellkulturen (DE)
German Collection of Microorganisms and Cell Cultures (EN)

E
E-THEMIS
EIS
EJSM
ELF
EnEx
ENIJA
EOL

Europa THermal EMission Imaging System
Europa Imaging System
Europa Jupiter System Mission
Enceladus Life Finder
The Enceladus Explorer
Enceladus Icy Jet Analyzer
End-Of-Life (Power)
xviii

ERM
ESA
ESF
EVEE

Earth Return Module
The European Space Agency
European Science Foundation
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1. Introduction
1.1. Why Planetary Protection and Icy Moons?
In the past two decades, water, the single essential component for life, has been discovered and
confirmed to exist in many locations throughout our solar system such as below the thick shells of icy
moons. Despite the difficulty of reaching these locations, technology is rapidly approaching a point
where accessing these potentially life bearing waters is feasible. Several missions to these moons are
being planned, proposed, and conceptualized, which raises the urgency of ethical and practical
considerations related to planetary protection. The subject of planetary protection deals with the
protection of the Earth and other celestial bodies from adverse changes that are anthropogenic in
origin and related to space activities. More specifically, this subject deals with the questions of what,
why and how celestial bodies should be protected from adverse changes. planetary protection
encompasses several disciplines, including science, engineering, law, and ethics, in order to provide
solutions to this complex problem.
Planetary protection has a strong connection with the broad field of astrobiology, which is the “study
of the origin, evolution, and distribution of life in the universe” (IAU, 2009). If we are to pursue
astrobiological study, we must consider and implement suitable levels of planetary protection in order
to maintain effective science and to protect life, both terrestrial and alien. Although alien life has not
been discovered, humanity’s efforts are pushing us closer to places where such life may exist. For
example, the planet Mars is a candidate for a place where life may once have existed, or may even
still exist today. Hence, it is essential that planetary protection methods appropriately match this
progress in exploration.
In recent years the astrobiology community has become increasingly interested in the environmental
conditions of icy moons in the Solar System, such as Enceladus, Titan, and Ganymede. It is believed
that on several of these moons there are the three pre-requisites for life: a source of energy, liquid
water, and organic compounds. Further studies of these bodies is desirable in order to determine if
life exists there, what this life is like, and how it evolved. However, it is not desired that humans
contaminate these worlds with bacteria that is attached to the probes. Equally important is that any
returned samples from such places should not contaminate the Earth.
The topic of planetary protection in missions to icy moons is particularly timely and is the basis for this
study. This report compiles information from existing planetary protection regulations and
technologies, looks at the science of icy moons, reviews missions to these moons, and analyzes a
technology roadmap of how future missions can be pursued. It is the intention of this report to support
other studies in this field, such as the upcoming Planetary Protection of Outer Solar System (PPOSS)
Study by the European Science Foundation.

1.2. Problem statement
Conducting good scientific studies of celestial bodies, searching for life there, and maintaining
sufficient levels of planetary protection is a difficult task. Interference with an environment is essential
to observe and measure it. However, in environments where life could exist, contamination could
occur through scientific probing. This not only interferes with scientific results but also poses an ethical
dilemma. If material is returned to Earth from other celestial bodies, there may be contamination of
the Earth, which raises even more ethical challenges. The problem that this study reviews is as follows.
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We wish to understand the current state of planetary protection in missions to icy moons and to
propose ways in which this can be improved to make scientific progress and to avoid adverse changes
to the Earth or other celestial bodies. The challenge is to address this problem by looking at cultural
rationales, the current policy framework, the science of icy moons, the architectures of missions to
these moons, and technology roadmaps. The content of each section should allow for certain
conclusions to be drawn, and from these conclusions, recommendations should be made. Each
recommendation should propose a way in which improvements can be made to the current state of
affairs. The challenge then is to use these recommendations to support the proposals for alternative
methods of conducting missions to icy moons and in advising on appropriate technology
developments to support such missions.

1.3. The framework of this study
This study has been conducted within the framework of the Master of Science in Space Studies (MSS)
program at the International Space University (ISU) main campus in Strasbourg, France. This study is
part of the obligatory major group project, and was conducted by the SEDNA Team, called such due
to the original direction of the project.
The SEDNA Team well reflects the (3I) philosophy of the ISU. This philosophy derives its name from
the first letter (I) of three guiding principles to study space activities. They are the principles of
Interdisciplinary, International, and Intercultural study. The team began the project by conducting a
literature review of the field of astrobiology. In this review, it was identified that planetary protection
is an important element to successfully achieve further Astrobiological study. Due to developments in
the understanding of the icy moons in the Solar System, it was decided that the study should be
focused on these bodies.
ISU MSS team projects generally approach complex problems and aim to provide interdisciplinary
solutions. Continuing with this aim, this report provides a possible solution to the way in which
planetary protection can be technically implemented in the near future.

1.4. Aims of this study
There are several aims to this study. The first aim is to produce this report, and to satisfy the problem
statement. This is done by analyzing the current state of planetary protection, cultural and political
stances towards planetary protection, the science of icy moons, various mission concepts for the
exploration of icy moons, and technology roadmaps for achieving such missions. From each element
of this study, conclusions will be drawn from the compiled information and from the conclusions
recommendations will be derived. The aim is then to use the recommendations to support
propositions for ways in which planetary protection in missions to icy moons can be improved. These
improvements should allow for further scientific study while maintaining suitable levels of planetary
protection. In order to make this study accessible to a wide audience, this report has been written for
a general audience with a high-school level of education. As such, complex matters have been
explained in the most approachable manner possible.
In a more general sense, one of the other aims of this project is to broaden the team members’
understanding of astrobiology and planetary protection. Through the collection, study and
consideration of relevant information, the SEDNA Team has been able to strengthen its knowledge of
these subjects.
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It was also the aim of this project to exercise the ISU 3I philosophy with a 3I team and thereby learn
about group work, cooperation, and project management. 3I is the philosophy of Interdisciplinary,
International, and Intercultural cooperation and acts as a basis for the ISU. This process has been a
challenging task, one that has tested the entire team, but one that has ultimately been very rewarding.
Finally, it was the aim of the SEDNA Team to form friendships that we will take with us beyond our
studies at ISU. It was with this aim that our team’s focus on mutual support, fair decision making, and
fair sharing of work was strengthened.

1.5. Report structure
The following text explains the structure of the report with descriptions of each chapter. Through
these descriptions the logic of the report’s organization is explained so that it can be understood how
each section supports the final conclusions, recommendations, and proposals of the report. The
problem statement should be kept in mind when understanding the report’s structure. Specifically,
the report aims to propose ways in which planetary protection in missions to icy moons can be
improved. In order to achieve this, the study has looked at cultural rationales, the current policy
framework, the science of icy moons, the architectures of missions to these moons, and technology
roadmaps. The information from each section helps to formulate the conclusions and
recommendations.
The report begins by providing a cultural framework in Chapter 2. This chapter questions our interest
in the search for life, in the protection of life, and in conducting planetary protection. The rationales
for these interests are varied and vary between people and with time. Chapter 2, therefore, provides
the cultural, or rather humanitarian, foundation upon which the rest of this report has been written.
After explaining the rationales for searching for life and conducting planetary protection, Chapter 3
discusses the existing planetary protection policies and practices in several organizations, including
the Committee on Space Research and several space agencies. This section explains that a foundation
is already in place to implement planetary protection but that it is neither ubiquitous nor legally
enforceable. Hence, this chapter indicates that further cooperative efforts should be made to include
a broader group of participants in global planetary protection policy and implementation.
With an understanding of the existing planetary protection policies, Chapter 4 then turns to the
science of icy moons. This chapter provides the reader with a summary of the current knowledge of
several bodies of interest with the aim of explaining why these bodies should be studied. Four
examples of icy moons are given because they each present locations where extant life exists or extinct
life existed. Furthermore, the complexity of conducting scientific missions to icy moons and practicing
planetary protection can be better understood through this chapter.
At this point, the report has introduced the rationales for planetary protection, the existing policies,
and the science of icy moons. Following these three sections, Chapter 5 to 7 present a summary of
various planned, proposed and conceptual missions. The mission types are separated into different
chapters, each of which are described below.
Chapter 5 introduces and summarizes several planned missions to the icy moons of Jupiter. In this
chapter the reader may gain an improved understanding of the mission architectures, scientific
objectives, scientific requirements, and any associated planetary protection concerns. In a similar
fashion to the previous chapter, Chapter 6 summarizes proposed missions to the icy moons of Saturn.
Note that these missions are proposals and have not been planned. The mission architectures,
scientific objectives, and planetary protection concerns are presented for each.
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Chapter 7 presents a review of other mission concepts and expands upon the missions that are
presented in the two previous chapters. These other concepts include sample return, multi-element
missions, drilling, high velocity impact, and submersible missions. Each of these concepts presents a
technological and planetary protection challenge but would allow for more extensive study of the icy
moons.
A NASA technology roadmap is presented in Chapter 8 and an analysis of this roadmap is made to
assess the most important technology for implementing planetary protection. The purpose of this
section is to prioritize technology development to support planetary protection in future missions to
icy moons.
Throughout the report conclusions are drawn from each section and from these recommendations
are derived. Chapter 9 presents the summary of these conclusions and recommendations and then
describes the proposals of this study which are based on the recommendations. The first proposal is
a list of prioritized technology developments to support planetary protection in future missions to icy
moons. The second proposal is the SEDNA Orbital Platform, which is an Earth orbiting platform for the
analysis of large mass returned samples.

1.6. The project name: SEDNA
This project is named after Sedna, the Inuit goddess of the sea and marine animals (Andrews, 2000).
We believed that this is a fitting name for this project due to the focus of the project on missions to
celestial bodies that may have oceans and may host extant life now or may have once been home to
life in the past. Furthermore, because the bodies of interest in this report are icy moons, what better
goddess to choose than one from the world of the Inuit people.
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2. Cultural, legal and ethical drivers
Our report as a whole discusses the search for life on icy moons in our solar system, focusing especially
on planetary protection concerns for the missions that may someday discover life beyond Earth. As
such, it behoves us to ask why we are searching for life, and then to ask ourselves why we are
concerned about planetary protection. To discuss the rationales and motivations for various planetary
protection policies and technologies, we must also understand the legal frameworks for planetary
protection and their definitions.
This chapter investigates the cultural rationales that drive humanity to explore the icy moons in the
search for life. Exploration is a strong driver in many cultures; in the west, stemming from the travels
and conquests of European explorers. This has imprinted western cultures with the shared value of
exploration. Other cultures do not necessarily share this value. But from western eyes, it seems natural
to assume that we should explore new worlds and discover new things. However, even this cultural
drive for exploration does not explain why we should be interested in searching for life. Why is this a
concern to us, and a major driver in the planning of scientific exploration missions? This chapter will
explore reasons why we search for life beyond Earth.
From this point, we will explore some intercultural background and context explaining why we are
concerned with planetary protection. The cultural drivers are reflected in our pop culture and science
fiction, which in turn are influenced by their own cultural context. We will see that the drivers for
planetary protection are cross-cultural, coming from not only a sense of self-interest and selfpreservation, but also from fear of conflict and our own mortality, and even from a growing sense of
our place in the universe as a caretaker, or custodian of life.
We will then examine the extent to which this cross-cultural sentiment has led to a common
international legal framework for planetary protection. We will discuss some of the landmark
international agreements in planetary protection. We will see that even though there is a widelyratified treaty basis for the prevention of harmful contamination of space bodies, the exact
consequences of this have not been explicitly codified in treaties. Thus it is left to international
advisory bodies, without legal standing, to propose guidelines for conduct in planetary protection
Finally, this chapter will explore the multiple different rationales, in detail, that justify different
positions on planetary protection policies. These rationales may explain why no explicit treaties on
planetary protection have been negotiated, and possible drivers for future agreements.
From this analysis we will come to some conclusions and recommendations useful later in this report.

2.1. Why search for alien life?
Human activities are diverse, and our rationales for pursuing them are equally so. Our rationales have
a variety of origins from the existential to the banal. These rationales span from biological origins, such
as the will to survive, to cultural origins, such as our attention to table manners. Logically, then, the
search for life should have some underlying rationales as well, something that explains why such an
endeavour is taken. And so we ask, “Why search for life?”
Before considering our attitudes as humans towards the search for extra-terrestrial life, one may
consider our attitudes towards life on Earth. Such attitudes vary between societies, between cultures,
and between people to a great extent. As an example, the attitudes towards eating other animals vary
greatly. While one person may be indifferent to eating one animal, another person may find such acts
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to be repulsive. This observation leads to the argument that our attitudes to the treatment of other
forms of life also differs significantly. Furthermore, attitudes change with time due to interactions
between societal norms and necessity. Travellers to the Antarctic ate penguins out of necessity, but
now it would be considered immoral to eat them. Immorality was not of concern to the travellers who
ate Dodos, as another example. These examples of eating newly discovered life, alien to some extent,
exhibits a historical objective of the search for life, namely that life provides food.
Extra-terrestrial life could, therefore, be exploited for the same purposes as our ancestors, which is to
provide a source of food. However, in the case of life beyond our planet, there is no one to feed and,
hence, this argument is not sufficient to answer our original question. Expanding upon the ideas of
survival, one may approach broader cultural considerations. Indeed, it has been argued that “all
rationales for space are cultural rationales” (Dator, 2015). Within the cultural sphere, there are the
fields of religion, science and philosophy. These three disciplines are discussed below.
One may approach the question from the scientific perspective. If one defines science as the pursuit
of knowledge, we may wish to find life simply because it is one element of the universe, indeed one
of many. This argument implies that, from the scientific perspective, the search for life is no more or
less significant than the search for anything else. Scientific rationality then cannot explain why we
should search for life above other scientific questions. But science is an extension of culture and serves
its culture, and often scientific goals are prioritized by cultural concerns. Although science may be
intended as the pure pursuit of knowledge, it works to reflect upon the ideas and thoughts of a culture.
Religion can be argued to be one of the defining characteristics of a culture. It follows then that religion
contributes strongly to our interests, or absence thereof, in searching for life. Some religions, such as
Christianity and Judaism, of course with great diversity within them, historically promoted the action
of expansion into the world. Other religions, such as Hinduism, promoted historically a philosophy of
being more entwined with the world, with little explicit instruction to conquer it. It may be argued
that the promoted principles of a religion will lead to further activity, like exploration. The search for
life is one manifestation of the wider pursuit of exploration. Religion may also act to counter the search
for life. For example, it has been argued by Ken Ham, a believer in the Christian creationist theory,
that life was especially created on Earth by God and that life elsewhere does not exist (Ham, 2014).
Finally, if science and religion cannot explain our reasons for searching for life, the field of philosophy
might provide the answer that we seek here. From the philosophical perspective one may argue that
posing the question firstly implies that there is no objective reason for searching for life. Human
activity is subjective and can even be illogical. If the reason is subjective, one may question the
motivations of the individuals involved in posing the question. The argument quickly becomes
psychological and one may begin to approach the generic human tendencies. Relevant in this case
may be the fear of uncertainty. Perhaps, we search for life simply because we want to know if we are
unique, and thereby support ideas of our own superiority. Perhaps, we search for life because we wish
to find it and thereby gain comfort from companions in this universe. It may even be that we wish to
find alien life, because we wish to maintain our safety, because we are afraid of the influence that
such alien life may have. It may be this final argument that provides sufficient basis for the topic of
this report. Maybe the ideas of planetary protection exist only because of this principle, namely our
own protection, regardless of other justifications.

2.1.1. Are we alone in the universe?
There are two questions that are implied in the question, are we alone in the universe? The first
question is, is there life beyond Earth, and the second is, is there intelligent life beyond Earth as well?
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The implications of these questions may vary between people, whereby an astrobiologist, whose
objective is to study life elsewhere, may be excited by micro-organisms. Other people may be less
interested by such findings. Indeed, a person may consider themselves alone in a space, ignorant to
the presence of bacteria. Whether these bacteria count as companions is a matter of opinion.
Based on the above argument, one may approach these questions through various channels. For
bacteria one can exploit spectroscopic investigations and robotic probes. Such undertakings are the
focus on this report. If one were to consider more imposing companions in this universe, that is
intelligent beings, one can refer to the Fermi Paradox and the Drake Equation. Neither of these are
the subject of this report but, for the purpose of completeness, they are introduced briefly below.
“If there are extraterrestrials, where are they?” This was a question posed by the physicist Enrico Fermi
in 1950, and it is at the origin of the Fermi Paradox. It consists of an argument that is based on the
existence of technological civilizations, and on the assumption of the time it takes for such an
evolvement to occur (Grady, 2001). In brief, it questions whether intelligent life could exist in
abundance throughout the galaxy, and if so, why extra-terrestrials have not yet visited Earth.
Therefore, does the lack of extra-terrestrials visiting our planet imply there simply are none? Named
after Frank Drake, an American scientist who is accredited by being one of the main founders of SETI
(Search for Extraterrestrial Intelligence), the Drake Equation outlines a method to estimate the
number of civilizations capable of communicating that could exist throughout the Milky Way Galaxy.
It was formulated in 1961, however, there is no real manner to correctly answer its fundamental
equation (Jones, 2008).
One of the most compelling reasons, therefore, for searching for even microbial life in the solar system,
extant or extinct, is that if found, it would strongly increase the probability of intelligent life developing
elsewhere in the universe. If there is a second independent genesis of even simple organisms in our
tiny little solar system, then somewhere in our vast galaxy of 100 billion stars, there is a good chance
that microbial life has developed in many places. Therefore, among those billions of stars, there is a
good chance that life survived long enough for intelligence to emerge.

2.2. Cultural rationales for planetary protection
The driving rationales for the search for life and planetary protection all take inspiration from science
fiction, which provides many precursor arguments for the issues discussed in policies, and indeed in
this report. These science fiction themes are surprisingly universal, and many cross-cultural examples
can be found. The first theme is the protection of humanity from alien invasion, which has a long
history in science fiction from the 1897 publication of H.G. Wells’ The War of the Worlds, which is the
first example we were able to identify. Subsequent examples of alien invasion narratives can be found
in extremely popular Hollywood blockbusters, such as Independence Day, or more recently, Simon
Pegg’s 2013 film, The World’s End. Many cross-cultural examples can be found that utilize this theme,
including the very popular Chinese trilogy The Three Body Problem (三体), and many examples of
Japanese manga and anime, including the Macross (マクロス) series. All these works will be discussed
in the following section (Wells, 1897; Emmerich, 1996; Wright, 2013; Liu, 2008; Ishiguro and Kawamori,
1984).
The second theme important to planetary protection is the theme of protecting the Universe, alien
life, or the environment, from humanity itself. This theme also has a long history from classic western
1960s science fiction such as Star Trek, and Arthur C. Clarke’s 2001. But the principles can be found in
many cultures, notably in Asian cultures that tend to emphasize humanity’s place in seeking balance
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and harmonious existence in the universe. In the 1960s, Star Trek introduced the concept of the Prime
Directive, which cautioned the principle characters from interfering with primitive alien cultures, since
any interference may cause harm from their natural growth. Arthur C. Clarke’s 2001 and 2010 series
also promoted the idea of representatives of humankind taking their place with mysterious alien
species as caretakers of other life forms in the universe. The classic Japanese anime, Nausicaä of the
Valley of the Wind, (風の谷のナウシカ), from Hayao Miyazaki, depicts a human protagonist who
strives to protect a species of giant armored insects from other, more aggressive humans. Other
Japanese science fiction anime often depicts a post-apocalyptic world, spoiled by human aggression,
with the heroes charged with the responsibility of protecting and nurturing life. The commonalities
between these themes will be discussed in Section 2.2.2 (Pevney, 1967; Clarke, 1968, 1984; Miyazaki,
1984).
These themes that cross cultures provide a common ethical underpinning for the principles of
planetary protection, and so building on these common foundations should help national
organizations come to a common understanding about planetary protection.

2.2.1. Protection of humanity from aliens
Since the publication of H.G. Wells’ The War of the Worlds in 1897, the threat of alien attack has been
a popular theme in science fiction. The theme has never gone away, with even very recent movies,
such as 2013’s World’s End, making poetic allusions to the original work in the title (not to mention
Stephen Spielberg’s remake War of the Worlds in 2005). In many cases however, the use of aliens in
science fiction is merely a metaphor for other humans, and so conflicts with aliens are no more than
metaphors for conflicts between cultures or nations. However, even with this mixture of messages in
contemporary science fiction, there have been several works that focus on presenting biology and
culture so different from our own that we cannot possible understand, making the challenge to
protect ourselves all the more crucial (Wells, 1897; Spielberg, 2005).
Figure 2-1 : H.G. Wells’ War of the Worlds book cover by Alvim Corrêa, and Simon Pegg’s The World’s End
movie poster.

While The War of the Worlds may have been inspired by European conflicts and the increasing of
tensions during the build up to World War I, it also capitalizes on the Victorian-era very real fascination
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with Mars. Wells used this to develop an alien creature that was as superior to the might of the British
Empire as the Empire itself was too many of its colonies. In this way, part of Wells’ project was to warn
imperialists about the wrongness of their thinking, in two ways: that there could exist an empire with
greater power that could crush you, and that even an impossibly powerful empire can be defeated
(Wells, 1897). In addition, despite the titular reference, Simon Pegg’s World’s End owes a greater debt
to the science fiction classic, Invasion of the Body Snatchers than to The War of the Worlds. In World’s
End, the inhabitants of the main characters’ home town are slowly being replaced by replacement
alien androids, much as the humans in Invasion of the Body Snatchers were being replaced by alien
replicants (Siegel, 1956; Wright, 2013).
In the original, this represented the disease-like spread of a foreign ideology in the body politic, during
the cold war era when paranoia about communism was rampant in the west. In Simon Pegg’s rendition,
the fact that the replacements are only androids gives the moral excuse for comic antics to destroy
the robots in as many gruesome ways as possible. These themes are mostly about cultural paranoia –
of our friends and neighbours slowly turning into people we do not understand, and our culture
changing around us in ways we do not like. Much of the fear of aliens, is really fear of other human
cultures (Siegel, 1956; Wright, 2013).
While many messages in science fiction are primarily about cultural conflicts on Earth, at the end of
The War of the Worlds, the alien invasion is defeated by microbes originating on Earth. This is the first
reference of alien microbes harming much more complex creatures in popular culture, albeit in the
service of humanity. In Michael Crichton’s 1969 book, The Andromeda Strain, he shows how extraterrestrial microbes might devastate populations on Earth, and painstakingly shows the difficulties we
could face in overcoming infections of completely unknown origin. This is still a major theme in science
fiction, with more elaborate parasites and microbial invaders being invented all the time to inspire our
fear, such as the H.R. Geiger-created alien in Ridley Scott’s Alien (Wells, 1897; Crichton, 2008, Scott,
1979). And, even an alien threat transmitted to Earth through information: in the 1995 film, Species,
an alien being is created on Earth after the SETI program received DNA instructions from Space. The
science fiction culture machine is very inventive at creating threats that fire our imaginations
(Donaldson, 1995).
This theme is taken up in eastern cultures as well as western. In China, for example, a very popular
2008 trilogy by Liu Cixin entitled The Three Body Problem, features an alien species that comes to Earth
in search of a stable environment to continue their evolution. Their home planet orbits 3 stars in a
highly chaotic and unstable orbit, and so these creatures look to the Earth-Sun system as a relatively
stable environment. Ironically, they become aware of the Earth through monitoring our radio
transmissions, and this starts the invasion. The English translation of this series won the Hugo award
for best science fiction novel in 2015. While it may be argued that this work is more of a western
import to Chinese culture, nonetheless the success of this work shows that this science fiction theme
has popular appeal in China (Liu, 2008; The Hugo Awards, 2015).
Alien invasion is also a common theme in Japanese manga and anime, for example the Macross series,
which started as a television series in the 1980s, but spawned multiple manga series, follow-on
television series and movies. It was also later adapted into a television show for North American
audiences, called Robotech. In this series, humanity is forewarned of the alien invasion when an alien
starship crashes on Earth, without survivors. Humanity is able to develop advanced technology from
the alien craft, to prepare the coming of a giant warlike alien species. Again, the international success
of this series shows the cross-cultural appeal of this theme (Ishiguro and Kawamori, 1984; Axelrod et
al., 1985).
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While the use of aliens as proxy metaphors in discussing our own political and cultural conflict on Earth
might not actually reflect realistic threats, the increasing popularity and diversity of these alien attack
themes belies a very real, cross-cultural fear of alien threats. All of this works champion humanity as
the heroes in an us-vs-them struggle, which unites humanity in the face of these threats. With so many
examples of alien threats in popular culture, it seems that film-makers, at least, understand how to
exploit this fear to get box office results. Even though the most realistic threats to Earth life from
elsewhere in the Solar System are likely only microbial, the general public’s fear of alien biology that
we do not understand is a real driver in the rationale for planetary protection. As a consequence,
planetary protection regimes need to take this public fear seriously, and ensure that not only are
threats assessed realistically, but also assess the possible effects of cultural magnifying glasses that
exaggerate this fear beyond rationality. Planetary protection must be measured to counteract this.
From a public policy perspective, the popularity of these science fiction themes could indicate
widespread support for planetary protection policies. The planetary protection principle that
corresponds to alien invasion is called “backward contamination,” which is the threat from any alien
biology that might cause harm on Earth. While the authors would not recommend a fear-based
campaign to gather public support for planetary protection policy, nonetheless the wide concern for
alien invasion indicates that a wide consensus on backward contamination policies should be possible.
Indeed, as we will indicate later on, this wide consensus led to early legal agreements that planetary
protection is necessary, without having to indicate or explain exactly why, since likely this was
considered to be self-evident. As we will see in the next section, the opposite theme of protecting the
universe from humanity, does not enjoy quite as universal agreement.

2.2.2. Protection of the universe from humanity
Science fiction works have long concerned themselves with the protection of the universe from
humanity, as evidenced in the Star Trek concept of the Prime Directive, and Arthur C. Clarke’s concept
of the Star Child. These concepts have developed from moral and ethical issues involving clashing
cultures, to a more basic personal/biological imperative to protect life in any form that may or may
not be intelligent, and finally to a concept of protecting an environment or ecosystem that may
harbour life in many forms. An example of this is the Japanese anime classic, Nausicaä of the Valley of
the Wind, (風の谷のナウシカ), from Hayao Miyazaki, which tells the story of several human cultures
fighting over whether to exploit, destroy, or live in peace with other forms of life. While many works
discuss the theme of protecting the world from humanity’s worst behaviour, the moral quandaries are
often difficult and the correct answers not so clear.
The Prime Directive concept, popularized in the Star Trek TV series, extols us to not interfere with prewarp technology cultures. The purpose of the Prime Directive is to prevent humanity (or the
Federation) from interfering with the “natural” progress of a culture, when the results of that
interference cannot possibly be predicted. The logic is that where you cannot know whether your
actions will help or harm, it is best not to act at all. While Star Trek still extols the virtues of exploration
to seek out new life and knowledge, it tempers this drive for exploration with a requirement to be
very careful, and to avoid harm. In this way, the Federation’s Prime Directive is a law to enforce a
policy of non-interference, for the purpose of enabling life on other planets to determine their own
fate, whatever that might be. This is really only enforced with other intelligent life, and in the Star Trek
universe this usually means a relatively advanced creature with an easily observable culture (usually
humanoid, bipedal life forms). Still, this directive is conceptually aligned with the concept of planetary
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protection – which is a check against unrestrained and possibly dangerous exploration (Nymoy et al.,
1966).
Figure 2-2 : Kirk, McKoy, and Spock defend themselves from mind-controlled humans (The Return of the
Archons, 1967)

The Prime Directive was first introduced in the 1967 episode entitled “The Return of the Archons,” in
which the crew of the Enterprise encounters a planet stuck in a static society modelled on a 19 th
century American culture. However, the society’s progress is impeded by a dictator named Landru,
who turns out to be an ancient computer run amok. According to the Prime Directive, the crew of the
Enterprise is forbidden to interfere in the affairs of the society, but typical for the show, Captain Kirk
cannot resist destroying the computer and freeing the people from its tyranny. Star Trek writers were
typically interested in moral and ethical stories, involving a clash of cultures, often leveraging motifs
from American westerns that were popular at the time (in both TV and books). The Prime Directive
was mainly inspired by the American experience, and the lingering European guilt for the destruction
of native peoples during the conquest and exploration of North America, as a way to drive the plots
for stories involving these moral conflicts. Star Trek generally did not concern itself much with the
treatment of other forms in life, and usually the alien cultures of the future were metaphors for other
human cultures of the present. Therefore, the concept of the Prime Directive is a social concept –
invented as a check against unbridled expansionism, and does not generally concern itself with
biological or environmental morality (Nimoy et al., 1966; Pevney, 1967).
“All of these worlds are yours, except Europa. Attempt no landing there. Use them
together. Use them in peace.”
-- Message from the alien Star Child to all humanity, in Arthur C. Clarke’s 2010:
Odyssey Two (Clarke, 1984)
Arthur C. Clarke, known as a visionary “hard science” science fiction writer, develops his own moral
compass in his Space Odyssey series. In 2001, a space odyssey, humanity sends a mission to Jupiter to
investigate a mysterious alien artefact – a monolith of unknown substance in dimension 1 by 4 by 9.
In the sequel, 2010: Odyssey Two, a follow-up mission discovers evidence of life on Europa. Humanity
is warned to stay away from Europa by a cosmic caretaker alien species, represented by the
transformed and evolved Star Child (the being formerly known as Astronaut Dave Bowman). There is
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no real explanation given for this warning, but it is implied that these caretaker aliens have been
helping humanity develop from early primates into a thinking civilization, and so the reader is left to
presume that the cosmic caretakers will help develop the burgeoning life on Europa in similar ways.
Figure 2-3 shows the novel cover for 2001 on the left, which is inspired by the famous shuttle scene
in the move, and the move poster for 2010 on the right, showing the Star Child next to Jupiter (Clarke,
1968, 1984).
Figure 2-3: 2001 a space odyssey and 2010: The Year we make Contact

In this way, Arthur C Clarke introduces as themes the major ethical questions in the search for life and
in planetary protection that we will discuss in this report. Firstly, our drive to discover our place in the
cosmos, to discover whether we are alone. The discoveries of mysterious alien artefacts on the moon
merely impel the characters to search for more clues, more answers, in the vicinity of Jupiter. Much
like our discovery of the chemical requirements for life (water, organic carbon compounds) spurs us
to search further. Secondly, the need to protect the life that we find, for its own sake, and not merely
for our own curiosity.
In Miyazaki’s Nausicaä of the Valley of the Wind, Nausicaä is a princess in a post-apocalyptic world,
10,000 years after catastrophe, who discovers a new species of giant insect living in the toxic jungle
created in the apocalypse. But she gets caught in a struggle between two neighboring kingdoms, who
fight over an ancient deadly technology. One side wants to use the technology to destroy the toxic
jungle and its inhabitants. The other side uses the insect-creatures to attack the other kingdom.
Nausicaä attempts to bring both sides to peace, to avoid war, but also to protect the habitat of this
new life. While this deals with mutant life developing on a presumably post-apocalyptic Earth (it is not
clear), rather than aliens, the main theme is clear: we should be caretakers and preservers of life in all
forms, wherever we find it (Miyazaki, 1984).
In this way, Miyazaki appeals to us to be caretakers instead of destroyers. Arthur C Clarke is perhaps
less optimistic than Miyazaki or Gene Roddenberry (and the team that writes for the Star Trek
franchise), in that he does not think humanity can be an appropriate caretaker for other kinds of life,
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and so he introduces the benevolent Star Child as a human transformed by mysterious caretaker aliens
to perform this role. Clarke’s benevolence is deeper and more profound than Star Trek’s Prime
Directive, as it expands from a mere cultural/legal directive to a presence that seeks to help develop
intelligent life, to ensure the development of environments to allow life to grow, and to give intelligent
life time to develop. In this way, both Miyazaki’s and Clarke’s messages are more biological and
environmental in scope: we must protect forms of life that we barely understand, and we also must
protect the environments in which they might develop. However, in all three examples there is clearly
conflict over what is the morally-preferred course of action, and uncertainty whether human
institutions can always determine the correct action. All the authors recognize that while the
environmental and ethical caretaker role is preferred, it is difficult to reach consensus on this issue.
The planetary protection principle related to this, is called “forward protection,” which is concerned
with not polluting environments where other life might exist, with life from Earth. There are several
rationales for this, from self-interested scientific purposes, to more environmental and ethical
rationales. As these science fiction works show, it is the more environmental or ethical issues that are
the more complex, and are more difficult to reach consensus on. From this cross-cultural literature
survey, then, we can expect that it might not be as easy to reach international consensus on forward
protection, compared to backward protection.

2.3. International legal consensus on planetary protection
Planetary protection was addressed by the international community in the very early days of the Space
Age. However, as we will show in this section, the concept remains ill-defined, and there are no specific
principles or obligations in the various space treaties that define planetary protection or even explain
the guiding rationale for the agreement. The 1967 Outer Space Treaty introduces the concept of
preventing harmful contamination, but without defining that harm. The 1979 Moon Treaty introduces
the concept of preserving planetary bodies for future generations, but unfortunately or not, most
nations have not ratified this treaty.
In 1967, the Committee On the Peaceful Uses of Outer Space (COPUOS), a committee under the United
Nations (UN), drafted The Outer Space Treaty. It was partly based on the 1963 Declaration of Legal
Principles, and partly based on drafts submitted by the United States and the Soviet Union. The main
purpose of the treaty was to lay down the basic binding principles by which states should conduct
themselves when exploring and using space. Since then, the Outer Space Treaty has been the primary
source of International Space Law (Cypser, 1993).
The part of the treaty relevant to planetary protection is Article IX (first two sentences):
“In the exploration and use of outer space, including the Moon and other celestial
bodies, States Parties to the Treaty shall be guided by the principle of cooperation
and mutual assistance and shall conduct all their activities in outer space, including
the moon and other celestial bodies, with due regard for the corresponding
interests of all other States Parties to the Treaty. States Parties to the Treaty shall
pursue studies of outer space, including the moon and other celestial bodies, and
conduct exploration of them so as to avoid their harmful contamination… and
where necessary, shall adopt appropriate measures for this purpose…” (Cypser,
1993; Billings, 2006; Debus and Arnould, 2008).
Article IX here also uses ‘due regard’ to underline cooperation of states and mutual respect for each
other’s interests. Furthermore, the second sentence emphasizes exploration of celestial bodies, so
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that harmful contamination can be avoided. “Harmful” in this context is primarily understood as being
harmful to other states’ interests, and it applies to both forward and back contamination (Sterns and
Tennen, 1995).
The 1979 Moon Treaty put more emphasis on the protection of bodies for the sake of future
generations, and for the sake of protecting their own natural environment:
“The exploration and use of the moon shall be the province of all mankind and shall
be carried out for the benefit and in the interests of all countries, irrespective of
their degree of economic or scientific development. Due regards shall be paid to
the interests of present and future generations…”
Article IV, paragraph 1 (Sterns and Tennen, 1995).
“In exploring and using the moon, States Parties shall take measures to prevent the
disruption of the existing balance of its environment, whether by introducing
adverse changes in that environment, by its harmful contamination through the
introduction of extra environmental matter or otherwise. States Parties shall also
take measures to avoid harmfully affecting the environment of the earth through
the introduction of extraterrestrial matter or otherwise”
Article VII, paragraph 1 (Sterns and Tennen, 1995).
Through this treaty, the ratifying states are thus required to prevent overall disruption of natural
celestial environments, rather than only prevent “harmful contamination” as is used in the Outer
Space Treaty.
However, as Arnould and Debus (2008) point out, the limited acknowledgement of the Moon Treaty
and the discrepancy between it and Article IX of the Outer Space Treaty puts emphasis on the need
for a closer understanding of the implications of human presences in extraterrestrial environments.
Outside of the legal frameworks, when risks of contamination are discussed, three different terms are
often used, which are summarized in Table 2-1. However, these definitions are not codified in law.
Table 2-1: Planetary Protection Definitions (Arnould and Debus, 2008)

Term

Definition

Forward contamination

Encompasses humans bringing organisms to other celestial bodies
onboard rovers, probes, robots, spacecraft and other technological
equipment, or onboard a human mission.

Backward contamination

Bringing extraterrestrial organisms back to the biosphere of Earth
either through retrieval of samples or from contamination of a
returning spacecraft.

Astronaut contamination

Contamination of astronauts with extraterrestrial organisms.

In summary, while there is treaty-based agreement that harmful contamination should be avoided,
there is no explicit legal definition of what this means. This is consistent with the results from our
cross-cultural study of science fiction in the previous section, where we concluded that there is
common agreement to protect humanity from harm, there is much less agreement about whether
and how much to protect the universe, or the environment, from humanity. In practice, as will be
shown in Chapter 3, most nations follow the specific policy recommendations from the scientific
community, more specifically the recommendations from COSPAR, the Committee on Space Research.
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In the next section, we will explore the various rationales for planetary protection, and attempt to
uncover the various drivers behind it, to further examine the consensus or discord on this issue.

2.4. Rationales for planetary protection
As seen in the previous section, the nations party to the Outer Space Treaty have agreed in the
broadest possible terms to protect outer space bodies from harmful contamination. However, further,
more explicit, agreements have not been forthcoming in the 40 years since. This might be explained
due to the diversity of rationales that might be bringing the parties to the negotiation table. The
driving rationales for pursuing planetary protection can be approached from several perspectives. In
this section, we will discuss three perspectives: the scientific, the social, and the ethical perspectives.
All three perspectives provide suitable justification for undertaking planetary protection but may also
act in conflict with each other. For example, and as is commonly the case in science, ethical arguments
may prevent a scientific activity from taking place or hinder the extent of such activity.
To an extent, the question of why we would undertake planetary protection is bound to our very
interest in the search for life. As was argued in previous sections, we may be interested in searching
for alien life taking necessary precautions so that it does not harm us, that is, only to maintain our
safety. However, as was also discussed above, the matter is subjective. A scientist wishes to undertake
investigations to the greatest degree possible. Another person may be interested specifically in their
own safety and well-being. A space agency may be concerned about protests against missions that
ignore planetary protection practices.
The primary rationale to concern ourselves with planetary protection is scientific: to aid the search for
life. By isolating planetary bodies and limiting contamination, if or when we find evidence for life
somewhere in the solar system, we can be reasonably sure that this evidence stems from a second
genesis of life. Indeed, evidence for a second genesis of life can be only as convincing as our planetary
protection policies allow. If our planetary protection is insufficient, then we may never have
convincing evidence that life evolved anywhere other than Earth.
The secondary rationale for planetary protection is the protection of astronauts, Earth, and its
inhabitants from unpredictable negative consequences of encountering extra-terrestrial life (primarily
microbes).
Thus, the main rationales that drive planetary protection policies are self-interested, humanistic, and
have been in development throughout the entire Space Age. However, there are also additional
rationales for planetary protection, concerned with protecting isolated planetary environments for
their own sake. This is largely driven by the ethics of conservation and Earth-based environmentalism.
All of these rationales have been historical drivers of planetary protection laws, international
agreements, scientific assessments of threats and risk, management policies and even technical
procedures developed as a result of these policies.

2.4.1. The scientific rationale – to discover new life
The rationale for forward protection is to limit the spread of Earth microbes so that when we discover
microbes in space or in other planetary environments, we know that they are alien, and not life that
we brought with us.
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The scientific rationale is relatively straight forward. The purpose of any scientific investigation is to
study a subject. The scientific principle of the observer effect states that any observation of a
phenomenon will have an effect on that phenomenon. In the case of a probe to an icy moon, if through
observation of the moon the probe affects the environment, any measurements will be distorted or
may even be completely invalid. Of particular importance to such probes is the presence of microbes
that have been brought from Earth. It is imperative to the scientific mission that such microbes are
not present or, if they are present, do not interfere significantly with the scientific objectives. In the
case of a sample return, it is imperative to protect a sample from external matter and to protect the
Earth from the sample.
In the beginning, planetary protection laws had the primary purpose of maintaining existing conditions
on celestial bodies beyond Earth, so as to not compromise future scientific explorations. This rationale
currently has the broadest consensus among spacefaring nations. As will be seen in Chapter 3, COSPAR
(the Committee on Space Research) defines the scientific recommendations for planetary protection
policy, and generally all the signatories of the Outer Space Treaty follow these recommendations.

2.4.2. The social rationale – to protect human lives
The social rationale extends from the principle of protecting astronauts and also humankind from
harm. This is embodied in the basic principles outlined by NASA’s Office of Planetary Protection as
part of their planetary protection policy (Conley and Mogul, 2015):
“Preservation of our ability to study other worlds as they exist in their natural states”
“To avoid biological contamination of explored environments that may obscure our
ability to find life elsewhere – if it exists”
“To ensure that we take prudent precautions to protect Earth’s biosphere in case
life does exist elsewhere”
It is necessary to predict and prevent, or at least limit, biological contamination in the best way
possible such that we reach a better understanding of both the extraterrestrial environments and the
terrestrial microscopic life forms (Arnould and Debus, 2008), especially the ones that are able to
withstand or adapt to environments so hostile that we, until recently, did not believe could contain
life (Rampelotto, 2013). Further still, it is very difficult for us to prepare protection for, and from, these
extraterrestrial environments when all we essentially know is our terrestrial reference, about which
we are still discovering ground breaking insights into our understand of life. An example of this is the
discovery of the prion, which as a protein is a non-living entity but none the less can be both
pathogenic and transmittable (Arnould and Debus, 2008), reminding us that sterilization processes at
the level of the ones we know from medical professions are not sufficient when it comes to planetary
protection via forward and back contamination.
When it comes to prevention of back contamination, all material returned must be considered a
biological hazard until it has been proven that it poses no threat to life on Earth, and that the contact
chain from the celestial body to Earth must be broken. Therefore, the external surfaces of spacecraft
returning to Earth from another celestial body must never come in contact with the environment of
that celestial body. Returned samples must be contained and hermetically sealed, and this seal must
be verified before its return to Earth’s atmosphere (Debus and Arnould, 2008). On Earth they must be
stored in quarantine under the most stringent CDC classification, and the analysis during this
quarantine phase will determine whether they can later be released without risk.
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For this last phase, any type of error will have vast implications. Both technological and human errors
can cause false results, positive and negative, this puts large responsibility on the way samples are
collected, stored, handled, and analysed all throughout the process. A false positive such as detection
of life forms or biomarkers, can lead to an unnecessary increase in the level of planetary protection
requirements. A false negative can lead to free distribution of a biohazardous part of the sample to
the scientific community.
When it comes to prevention of back contamination on sample return missions, it is divided into three
levels (Debus and Arnould, 2008):
1. The samples inside their container
2. The equipment surfaces that have been in contact with the extraterrestrial
environment (and consequently covered with extraterrestrial particles)
3. The space system external surfaces that are capable of cross-contamination with the
cruise module and the Earth return system due to its return from the celestial body
surface
When looking at threat vectors, we need to assess not only how microbes might be transported
through space to Earth, primarily via sample return missions. But, we also need to examine other
vectors of transport, i.e., human vectors, such as astronauts.
The presence of humans on a celestial body will complicate the process of forward and backward
contamination. One of the challenges of forward contamination would be extravehicular activities,
where both biological contamination of the environment and contamination of the samples, as well
as the hardware in contact with them, would have to be avoided (Debus and Arnould, 2008). It must
be remembered that human beings both produce and carry an extensive amount of microorganisms
and that they are impossible to sterilize entirely. Astronaut habitats will thus be heavily contaminated.
Measures must be taken to avoid astronauts and their equipment transferring this contamination to
the outside environment. This difficulty in preventing forward contamination in human missions is one
of the reasons why we will focus on robotic missions in this report.
The safety of the astronauts is of course also a major concern. In general, astronauts have been proven
to be typical risk takers (Arnould, 2001; Pompidou et al., 2000; UNESCO, ECSL, ESA and IDEST, 2004)
who are aware of the risks they face through their job. But even if the actual health of the astronauts,
completely hypothetical, was not a concern, there would still be the risk of them bringing back
contamination to the people of Earth upon return, which would be a concern (Arnould and Debus,
2008).
Additionally, there are the ethical concerns of what would happen with the astronauts if it was
discovered before their return to Earth that they had become contaminated. Would we need to leave
them in orbit around Earth, so as to not contaminate the Earth’s biosphere? How could we then give
them medical care, and determine the extent of the threat? It is already well established that the
immune system of astronauts is drastically impaired when they reside in outer space (Debus and
Arnould, 2008). After a mission of several years, their bodies would be further weakened due to stress
and fatigue, and so there could be ambiguity between foreign and known infections with regards to
the source of potential illness.
As we discussed in the cultural sections in this chapter, the questions of protecting humans from harm
has the broadest possible consensus across cultures. But the complexity involved in delivering on
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these goals can lead to disagreement over the means and priorities. Still, because this is of crucial
interest to all nations on Earth, everyone would be strongly motivated to discuss these issues in depth,
the moment any hypothetical threat nears reality.

2.4.3. The ethical rationale – to protect environments
Stemming from some cultural views that humanity has stewardship over life on Earth and perhaps
even in the universe, there is also some basis for an environmental or ethical imperative: that
humankind should protect environments for their own sake. There are generally two formulations of
this: protecting what life might exist, in its habitat, as it exists now; and preserving the environments
in themselves. This stems from a sense of humility, as discussed in the sections on culture, that we err
on the side of caution when we do not know what effect our intervention will have (as per the Prime
Directive in Star Trek). In this case, however, we also do not yet know whether and how these
planetary environments could sustain life. We may not even know enough to know what the life would
look like if we did find it.
Many scientists and ethicists have discussed the ethical issues of introducing terrestrial organisms into
otherwise untouched extraterrestrial environments, and what the extent of our responsibility is.
While there seems to be a general consensus in the space community that a more detailed policy
framework is necessary for planetary protection, integrating these three approaches seems to be
more contentious, immediately leading to many more challenging ethical questions (Rummel et al.,
2012; Arnould and Debus, 2008), for example:
1. Is it ethical to contaminate another celestial body, if there is no chance of extant or
foreseeable life on it?
2. How much do we need to know about such a body to be able to make this kind of
conclusion?
3. What kind of putative life is important enough to require protection and what is not?
4. Do non-living things, due to instrumental, aesthetic or other reasons, deserve specific
respect and conservational status?
5. What is our responsibility to future generations, especially when we keep in mind the
ideal concept of ‘common heritage of humankind’ from the Moon Treaty?
The guiding principle set by COSPAR is
“Although the existence of life elsewhere in the Solar System may be unlikely, the
conduct of scientific investigations of possible extraterrestrial life forms, precursors,
and remnants must not be jeopardized. Moreover, the Earth must be protected
from the potential hazard posed by extraterrestrial matter carried by a spacecraft
returning from another planet. Therefore, for certain space mission/target planet
combinations, controls on contamination shall be imposed, in accordance with
issuances implementing this policy” (Arnould and Debus, 2008)
Therefore, COSPAR generally make recommendations based on immediate scientific utility and the
prevention of harm to humans, rather than the protection of the environment for future generations.
A number of ethical principles have been proposed by COMEST (The World Commission on the Ethics
of Scientific Knowledge and Technology) to base future codes on. Among these are: “the respect for
extraterrestrial environments, benefit sharing, free and open access, and public participation in space
policy making” (Billings, 2006). Also, several scientific articles have been written and workshops (such
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as the 2010 COSPAR workshop “Ethical Consideration for Planetary Protection in Space Exploration”
at Princeton University (Rummel et al., 2012)) been held, but no common ground has yet been reached.
The extent to which humanity should protect the environment of Earth, let alone outer space
environments, is a contentious issue within most nations, and so it is unsurprising if there is no
international agreement on this topic. The ethical/environmental questions asked in this section are
open-ended, and have not had enough deliberations to reach international consensus. For now, the
ethical and environmental rational does not have much traction, and most policy recommendations
are still made on the basis of scientific utility and the prevention of harm.

2.5. Conclusions and recommendations
In this chapter, we have surveyed the driving rationales for the exploration of life, and the preservation
of it once found. Furthermore, we have looked into the drivers behind planetary protection, to explain
our motivations for pursuing these policies. We have examined cultural drivers, as evidenced from a
literary and cultural analysis of science fiction from several cultures, in an attempt to ascertain
whether the principles behind planetary protection policy enjoy cross-cultural support. We then
examined the current international legal framework for planetary protection, dating back to the 1960s,
but relatively static since the 1967 Outer Space Treaty. Finally, we discussed the three main rationales
for planetary protection: scientific, social and ethical/environmental, to determine which rationale
provides the most common consensus.
As argued in Section 2.1, the main drivers behind the search for life are diverse across different
cultures and religions, but the simplest driver is simple curiosity. In Section 2.1.1, we further argue
that the main driver for the search for life outside of Earth is to find out whether we are alone in the
universe. Even the seemingly simple goal of finding extant or extinct microbial life on some other
planet or moon in our solar system would have great implications for the universe. If we find life in
our own backyard, that implies that life is common in the universe. Given the size of the universe,
intelligent life must be relatively common. This allows us to introduce our first conclusion:
Conclusion

2A

The main driver for the search for life outside of Earth is to find out whether we
are alone in the universe.

In Section 2.2, we discussed cultural rationales for planetary protection, by investigating science
fiction themes evident in works from several different cultures. The first theme we discussed was alien
invasion, or protecting humanity from aliens. We also examined the contrary theme of protecting the
universe from harmful human intervention. Evidence of both themes can be found in works from
many cultures, although it seems that the first theme enjoys more cross-cultural support. The idea of
preserving and protecting ourselves is understandably a universal concern, and this provides a strong
driver for consensus on backward protection issues. The idea of humanity as a caretaker for life in the
universe is more difficult, and invites more moral complexity. Therefore, we would expect that
forward protection issues would be more complex, difficult to negotiate exact terms and details,
especially when conflicting with more direct self-interested goals. From these discussions, we can
draw the following conclusions and recommendations:
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Conclusions

2B

There are strong cross-cultural concerns for alien invasion, and therefore strong
cross-cultural motivation to come to agreement on backward contamination.

2C

There are also cross-cultural concerns for the preservation of life and the
environment, which lend support to forward contamination policies.

Recommendations

2A

To increase international support for planetary protection, concerns for selfpreservation against alien invasion (even microbial invasion) could be used as a
cross-cultural motivator.

2B

Outreach programs discussing planetary protection should attempt to reach a
wider intercultural audience by focussing self-preservation issues, by leveraging
the many international pop-culture references to alien invasion.
Outreach programs for planetary protection may reach broader audiences by
aligning themselves with launches of popular movie and novel franchises.

In Section 2.3, we discussed the legal framework for planetary protection, which stems from the 1967
Outer Space Treaty, and the principle enshrined in Article IX to prevent the harmful contamination of
outer space bodies. While the subsequent 1979 Moon Treaty attempted to extend and provide
context this principle to protect outer space environments for future generation, this ultimately failed
as most nations did not ratify the treaty. While these treaties give some international legal force to
planetary protection, the practical interpretation of this is left to international non-binding advisory
agencies, like COSPAR (which will be discussed more in Chapter 3). From this, we can conclude:
Conclusion

2D

The cross-cultural concerns for the preservation of life and environments has
not led to a clear international, enforceable legal consensus on exactly how to
implement this protection, to what purpose, or to what extent.

To conclude, this chapter has helped provide a basis for further investigation on how exactly planetary
protection policies are managed, if there is no well-defined legal framework for it. Chapter 3 shall take
up this investigation, to determine how space agencies around the world have taken up the challenge
of planetary protection policy, driven from the general principle of preserving life. Furthermore, if
there are gaps in the implementation of planetary protection policies around the world, this chapter
has helped give cultural context that may help in motivating future negotiations. Clearly human
existential threats are the greatest motivators for action. The public imagination, as evidenced from
the popularity of the science fiction identified in this chapter, can be fired up by the threat of alien
invasion. As we will argue later in this report, this concern could be responsibly leveraged to help
increase international cooperation on planetary protection policy.
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3. Planetary protection policies and management
Planetary protection is managed at multiple levels: internationally, nationally, and within agencies and
project teams. As demonstrated in the previous chapter, the Outer Space Treaty (OST) of 1967 binds
the signatories to the principle of minimizing harmful contamination in outer space, but the definition
of contamination and the practices to limit contamination are not defined by the OST. At the
international level, the Committee on Space Research, COSPAR, plays a key role in creating
international scientific consensus on planetary protection, creating recommendations used by the
national space agencies.
COSPAR is focused on the science, examining new discoveries as warranted to ensure that the policies
reflect the latest science information. In comparison to UNCOPUOS, COSPAR’s policy
recommendations have no direct binding value – their policies are recommendations based on
scientific consensus, which are influential in interpreting nations’ adherence to principles defined in
the Outer Space Treaty. At the national level, however, these policies are implemented to greater or
lesser extents by different nations. The planetary protection policy apparatuses seem to be the most
mature in NASA and ESA, where there is a clear chain of authority in the agencies to ensure that the
COSPAR requirements are met.
In general, agencies like ESA and NASA take the COSPAR recommendations as-is and implement them
in their organizations. In fact, both ESA and NASA have very strong ties to COSPAR. The current chair
of COSPAR’s planetary protection panel is the ESA planetary protection officer, and the previous chair
of COSPAR’s planetary protection panel was the NASA planetary protection officer for 20 years. The
current COSPAR co-chairs are from NASA, as well as the Canadian and Japanese space agencies. As we
will show further in this chapter, western agencies (and Japan) have historically had the most active
involvement in COSPAR planetary protection panel activities.
After analyzing COSPAR, this chapter will examine the NASA organizational structure for managing
planetary protection. NASA implements the COSPAR recommendations through the formation of the
Office of Planetary Protection. The NASA planetary protection officer is appointed by the Science
Directorate, but has wide-ranging responsibility to set policies for all of NASA, the other directorates
and centers. Furthermore, the planetary protection officer has the right and responsibility to inspect
all other NASA personnel, directorates, centers, both internally and externally. Of all the national
space agencies studied, NASA seems to have the most mature and influential planetary protection
policy apparatus, but there still may be flaws with this organization, as we will discuss.
This chapter will finally examine the other major national (and international) space agencies, including
ESA, Roscosmos, China and India. ESA has strong connections to the member space agencies such as
CNES, DLR and CSA, and like NASA developed a centralized office for planetary protection that
participates closely with international organizations like COSPAR. China has had relatively little
influence and participation in COSPAR planetary protection. Our research group has not been able to
find a specific person or organization responsible for planetary protection within CNSA, or recent
representation from CNSA on the COSPAR planetary protection panel. Roscosmos has a similar opaque
structure to non-Russian speakers, and so our study is limited by our team’s limited access to
researchers literate in Russian. Nonetheless we have been able to obtain some insight into the
Roscosmos commitment to planetary protection. Finally, India has implemented planetary protection
procedures for forward contamination, but so far lacks a centralized internal organization for this.
This chapter will examine all these agencies in more detail, how they contribute to the development
of planetary protection policies and implementation.
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3.1. COSPAR
In the mid-fifties the Soviet Union and the United States were competing to put the first satellite into
space. The issue of what consequences there would be for the placement of probes or humans on
other celestial bodies of our solar system was not of immediate concern for either party. Nonetheless,
the International Astronautical Federation (IAF) in 1956 considered the issue of lunar and planetary
contamination, and in 1957 the United States National Academy of Sciences (NAS) began investigating
what the putative consequences would be of such contamination.
The launch of Sputnik in 1957 was a momentous occasion that not only ushered in the Space Race,
but also an era of discovery and creation. The Committee on Space Research (COSPAR) was first
introduced in London a year after Sputnik in 1958 by the then International Council of Scientific Unions
(ICSU, now the International Council for Science) (COSPAR, 2012). COSPAR is an international scientific
organization whose members include national scientific institutions, such as the US National Academy
of Sciences (NAS), and international scientific unions, such as the International Astronomical Union
(IAU). The organization is governed by a council made up of delegates from the member organizations.
The working groups of COSPAR consist of 8 scientific commissions “plus 11 special purpose panels”
devoted to a wide variety of Space issues, including the Panel on Planetary Protection (Fisk and Smith,
2014).

3.1.1. Organization purpose and personnel
With the intention of facilitating discussion and information exchange related to Space, COSPAR is a
forum that exists for all scientists to participate in. The COSPAR committee of planetary scientists and
astrobiologists meets every two years to establish planetary protection classification, standards and
protocols. COSPAR has acted as a premier organization for the international scientific community to
address emergent and pressing issues within the context of Space by (COSPAR, 2012):







Hosting biennial academic conferences
Publishing journals including Advances in Space Research and Life Sciences in Space
Research
Hosting workshops for emerging space nations
Creating and executing outreach plans which involve the public
Advising governmental and non-governmental organizations on the research and
assessment of Space related issues
Setting guidelines and standards of Space related research

With these organized forms of outreach and hosting, COSPAR has attained international recognition
as a foundational organization for the promotion and exploration of space disciplines relevant to the
international space community.
COSPAR’s planetary protection panel has had very close links historically with ESA and NASA. The
current chair of the panel is the current ESA planetary protection officer, Gerhard Kminek (COSPAR,
2012; ESA, 2014). The previous chair of the panel, from 1999 to 2012 was Dr. John D. Rummel, who
was also the NASA planetary protection officer from 1987 to 1993, and again from 1998 to 2006 (MarsOne, n.d.). Catharine Conley, the current NASA planetary protection officer, is also the current vicechair of COSPAR’s PPP (COSPAR, 2012).
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3.1.2. Mission categories
COSPAR has five mission categories for planetary protection, as shown in Table 3-1.
Table 3-1: COSPAR mission categories (Kminek and Rummel, 2012)

Category

Definition

Category I

This category has no planetary protection requirements as the target celestial
body does not fall under a place of interest for the origin of life. These places
are typically areas where life has little to no chance of proliferating.

Category II

Covers areas of scientific interest to the genesis of life, but where human
spacecraft contamination is highly unlikely to impact research or findings. The
requirements for such missions are limited to simple documentation of
potential areas of impact, Pre- and Post-launch analyses, and an end of mission
report detailing any possible adverse effects in a given location.

Category III

Includes missions that orbit or flyby an area that could potentially harbor or
provide the environment for life to originate. Additionally, the scientific
community would deem the mission as having a significant chance of altering
or contaminating the celestial body. For this reason, requirements would
include more involved documentation procedures and physically implemented
requirements such as trajectory alteration of the spacecraft, cleanroom use
during spacecraft construction, and bioburden reduction. If a possibility of a
landing of the spacecraft during the mission exists, then additional precautions
are taken such as an inventory of bulk organics.

Category IV

Focuses on missions that intend to land on the surface of a celestial body using
a probe or lander. These missions would travel to celestial bodies that the
scientific community would deem as a high chance of affecting the viability of
life, affecting future research. Requirements would include further
documentation covering various aspects of the mission impact ranging from
probability of contamination to bioburden enumeration. Trajectory alteration,
cleanroom use and bioburden reduction would be maintained, while additional
requirements such as partial sterilization and bioshield implementation would
further define the mission.

Category V

Lastly, this category differentiates itself in that all missions under category V
would have an Earth-return aspect. This protection would extend to the Moon
as well in order to maintain current planetary protection requirements
between Earth and Moon travel. A subcategory exists for mission that travel to
areas not considered to host life or pose a contamination hazard where only
outbound planetary protection requirements such as category I or II are
required. Missions that do not fall under this category must undergo strict
containment upon return, with an emphasis on unsterilized materials and
samples. If the presence of an organism that is able to replicate is discovered,
it must be sterilized or kept under containment.
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3.1.3. Policy process
Like many policies, COSPAR policies are in flux and updated, as new missions are proposed and new
requirements arise. The policy development process for COSPAR involves continual solicitation of
input from the scientific community, both from regular scans of peer reviewed scientific literature,
and from time-to-time from COSPAR-sponsored workshops on particular topics, as shown in Figure 31, which illustrates the iterative process established by COSPAR (Kminek and Rummel, 2012).
Originally, the various changes and refinements on the policy were disseminated through a COSPAR
Information bulletin which is now known as Space Research Today or through Advances in Space
Research. These updates were given since the COSPAR publication in 1964, but were not adequate
enough for coherent reference. This led to a collation of the changes and explanation of policies as an
update to the policy through the Panel on Planetary Protection within the organizational structure of
COSPAR. Established at a COSPAR scientific assembly in 1998 in Nagoya, Japan, the panel is responsible
for consolidating, maintaining, and updating the policies as they are needed. The Planetary Protection
Panel (PPP) meets regularly to review new scientific data, and make policy recommendations to the
COSPAR Bureau and Council. In this way, the PPP constantly reviews new scientific discoveries for their
possible impact on planetary protection policy. For example, as new information is discovered about
smaller harmful proteins such as prions, the containment recommendations may be adjusted. Or, as
discoveries are made about specific planetoids, such as the flowing water on Mars, new
recommendations may be made about Mars special regions (Kminek and Rummel, 2012).
In addition, the Planetary Protection Panel discussions solicit input from various COSPAR science
commissions, including Commission B (Space Studies of the Earth-Moon System, Planets, and Small
Bodies of the Solar System) and Commission F (Life Sciences as Related to Space), as well as from
various COSPAR members, such as national and international scientific unions. Recommendations
from the Planetary Protection Panel become COSPAR policy only when endorsed and approved by the
COSPAR Bureau and Council. At this point, the COSPAR policy is adopted as an international guideline
to planetary protection, but since COSPAR is not a treaty organization, it does not have direct force in
international law. COSPAR guidelines merely provide context to general commitments in the Outer
Space Treaty, that “State Parties to the Treaty shall […] avoid their harmful contamination” (Kminek
and Rummel, 2012).
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Figure 3-1: COSPAR policy generation process

Through discussion and meetings of the PPP, relevance and perspectives of the policies are accessed,
ultimately leading to any necessary changes. This is done through a proposal put forth by the panel
after a consensus has been reached by the various stakeholders. This process is extremely important
to maintain a sense of timeliness and relevance for the agencies that rely on the policies for their own
planetary protection policy formulation. By using COSPAR policies as a reference, the various agencies
can form their own offices and positions that meet the planetary protection requirements.
However, mentioned previously, the COSPAR, NASA and ESA planetary protection communities are
very closely linked, with the same key people cross-pollinating the various organizations. We have
examined the makeup of participants at the COSPAR-sponsored planetary protection workshops in
the last 15 years, to see which national organizations attend. The results of this examination are
presented in Figure 3-2. Included in this list are the participants of all the COSPAR planetary protection
workshops in the last 15 years, and one meeting of the COSPAR planetary protection panel itself, for
which an attendance list could be found (in March 2002). Representatives from NASA, CSA, and
primarily American universities were grouped under North America. Representatives from CNES, DLR,
ESA and European universities are grouped under Europe. The graph clearly shows a majority of
western participation in COSPAR meetings on planetary protection, a marked decrease in participation
from Russian representatives since 2002, and a complete absence of China and India. This information
has been compiled from many COSPAR planetary protection workshop reports (COSPAR, 2012).
Furthermore, reviewing the upcoming preparations for COSPAR’s 2016 biannual gathering, it can be
easily seen that all the Main Scientific Organizers and Deputy Organizers are either North American or
European (there are 2 Americans, 1 Canadian, 1 ESA, 1 CNES, 1 DLR) (Program Committee COSPAR,
2016).
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Figure 3-2: COSPAR Planetary Protection workshop participants (Rummel, 2002; Rummel et al., 2010, 2009;
PPPReport, 2013)
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It seems, unfortunately, that COSPAR planetary protection meetings are attended mainly by
representatives of western countries, and this is not a great example of international cooperation and
agreement. However, there may be several factors behind this. As we shall see in the following section,
the NASA organizational structure for planetary protection is very mature. It may only be that having
a dedicated funds and organization for planetary protection enables NASA to better coordinate
research activities with the academic community in the United States, which naturally leads to broader
interest in COSPAR discussions on academic topics of interest. Furthermore, NASA and ESA tend to
have more interplanetary exploration missions which require planetary protection. Further reasons
for this east/west disparity will be addressed as we examine national space agencies in the rest of this
chapter.

3.2. How NASA manages planetary protection in missions
NASA’s Office of Planetary Protection (OPP) oversees the compliance of all NASA missions with
COSPAR and other planetary protection requirements. The OPP seeks to promote exploration of the
solar system in a responsible manner, thus meeting exploration efforts while limiting the possible
contamination of other planets and Earth (Sotin, 2014). This is accomplished through the
implementation of all current and future policies deemed relevant to the protection of the Earth,
explored environments, and research. This effort can be further outlined in several objectives the OPP
seeks to meet (Sotin, 2014):




By observing and researching planetary bodies in their natural state.
By limiting the possibility of biological contamination in order to prevent the obscurity
that can arise from such influences in the search for life.
To establish measures that protect the Earth in the event life is discovered during
NASA missions.
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The OPP meets these objectives by being directly involved in the mission development process in the
NASA Science Directorate. This can include the development of flight plans with the mission teams,
the sterilization of spacecraft, and the development of quarantine procedures that protect Earth from
return samples. The policy the OPP develops and implements along with assisting mission planners
leads to the alignment of NASA policies and COSPAR requirements within the mission objectives. In
this way the primary objective of scientific research for the search of life in the Solar System is
supported at all times during all NASA missions which can be broken down into three primary
categories according to their funding level (Sotin, 2014).
Figure 3-3: NASA Discovery Program

These are:






Discovery Program Missions
o Low cost program created in 1992, seeks to launch many small programs.
o Typically have a cost cap of $450 million.
New Frontiers Program Missions
o Medium cost program created in 2003, sought to bridge the gap between
Discovery and Flagship program missions.
o Typically have a cost cap of $700 million.
Flagship Program Missions
o High cost program created in the 1970s, which acts as NASA’s primary means
of exploring priority areas in the Solar System.
o Costs typically are $1 billion plus with a rough cap of around $3 billion.
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The OPP has classified several missions under these programs under the COSPAR requirements. For
instance, the Lunar Prospector mission to the Moon under the Discovery program has been classified
as Category II under COSPAR. The current New Horizons mission to Pluto/Charon and the current Juno
mission to Jupiter under the New Frontiers program have also been classified as Category II. The Viking
landers can be classified as a Flagship level program and fall under Category IVb of COSPAR
requirements.
Consulting the Planetary Protection Officer (PPO) is integral in meeting mission requirements without
violating planetary protection protocol during mission development, as we will show in the next
section.

3.2.1. Organizational structure and management
The role of the Planetary Protection Officer is created and defined in the NASA Policy Directive NPD
8020.7G by the authority of the NASA Administrator. The PPO sits as the subject matter expert within
the Science Directorate at NASA, given the responsibility of reviewing and approving planetary
protection requirements for missions. This includes assigning NASA missions to their proper planetary
protection category and their alignment with COSPAR policies. The PPO typically is a part of all Solar
System missions, carefully assisting in the planning and compliance with NASA and COSPAR policies.
Through this arrangement, the PPO has direct oversight (through the Associate Administrator of the
Science Mission Directorate), over science missions, however, relatively indirect influence over the
Human Exploration and Operations and Space Technology mission directorates. While not having
direct authority over other mission directorates, the PPO has the responsibility and authority to
prescribe NASA-wide standards and procedures, as well as authority to conduct reviews, inspections
and evaluations of all NASA plans, facilities, equipment, personnel, procedures both of NASA and subcontractors (NASA Administrator, 2013).
Figure 3-4: Planetary Protection Officer in Science Directorate
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Figure 3-4 depicts the PPO’s role within the NASA Science Directorate organizational hierarchy.
However, the Planetary Protection Officer also has influence in the NASA Advisory Council, under the
Science Committee, by having a seat at the Planetary Protection Subcommittee meetings, as shown
in Figure 3-5. The NAC Planetary Protection Subcommittee has the opportunity to influence NASA
policy directly with the NASA Administrator.
Figure 3-5: NASA Advisory Committee structure

The PPO has additional responsibilities associated with planetary protection which include:









The SMD AA (NASA Science Mission Directorate Associate Administrator) appoints the PPO as
their representative and liaison at internal and external technical events including those
associated with planetary protection. In fact, the current NASA Planetary Protection Officer is
also the Vice-Chair of COSPAR’s Planetary Protection Panel. (COSPAR, 2012)
The PPO maintains relations with the Space Studies Board (SSB) of the National Research
Council (NRC) and the NASA Advisory Council (NAC). Through these relations, the PPO is able
to provide direction and advice on policy requirements and actions congruent with
established planetary protection policies. In turn, the NRC and NAC reciprocate by providing
their own guidance to the PPO.
Metrics that verify compliance and relevant planetary protection requirements are
established and interpreted with program and project offices related to flight.
Additionally, the PPO provides assistance and oversight to these offices by reviewing and
actioning existing procedures and adherence, while simultaneously providing guidelines that
assist the offices in their development of planetary protection requirements.
Lastly, the research and development of technologies and the most advanced methodologies
are supported by the PPO through the practice of planetary protection policies.
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3.2.2. Policy development and implementation oversight
Mission requirements by the OPP are detailed in order to comply with NASA Policy Directive (NPD)
which is covered in more detail below. The primary way of ensuring compliance with the NPD is
safeguarding Solar System research targets by remaining cognizant of inadvertent contact. Criteria
established by the OPP in order to meet this objective have been largely drawn verbatim from COSPAR
policy directives, and can be encapsulated as follows:





“The probability that a planetary body will be contaminated during the period of
biological exploration shall be no more than 1x10-3” (Kminek and Rummel, 2012)
“Avoiding impact of Mars over a time period of 50 years with a probability of <1×10-2
for spacecraft the cross the orbit of Mars en route to other targets, and < 1×10-4 for
all launch elements that leave Earth’s orbit;” (NASA Office of Planetary Protection,
n.d.)
“Minimizing the probability of contamination using mission-dependent pre- and postlaunch approaches, such as cleanroom usage, aseptic assembly of spacecraft, partial
sterilization of spacecraft components, and trajectory biasing.” (NASA Office of
Planetary Protection, n.d.)

NPD 8020.7G: Biological Contamination Control for Outbound and Inbound Planetary Spacecraft
remains as the defining document for planetary protection at NASA. Through this, the OPP is tasked
with providing guidance and ensuring adherence to NASA planetary protection policies and external
commitments. By using NASA Procedural Requirements (NPR) 8020.12D: Planetary Protection
Provisions for Robotic Extraterrestrial Missions as a guideline, the OPP is able to reflect the same
standards established by COSPAR and maintain adherence to the 1967, ‘Outer Space Treaty’. The SSB
along with the OPP and guidance from the PPO help create recommendations on developing
destinations of interest such as Mars, Europa, and missions that include sample return. The
development of these policies and requirements is influenced by the international community’s
consensus on planetary protection along with relevant and ongoing scientific information related to
extant life on planetary bodies including here on Earth. The continued involvement and feedback from
the international community, including working closely with sister agency ESA, help lead to higher
quality planetary protection policies (Kminek and Conley, 2010; NASA Office of Planetary Protection,
n.d.).
A primary requirement for orbiting and flyby mission spacecraft is ensuring probability of impact with
icy moons/satellites and Mars are kept to a minimum by implementing controls such as constraints
on the lifetime of the spacecraft. In this way probability of impact and contamination are kept to a
minimum. If the probability of impact is maintained at a minimal level, cleanliness restrictions on the
spacecraft can be relaxed. However, if chances of impact cannot be minimized, sterilization and
decontamination procedures are heightened. Once these requirements are met, consideration is also
given to the prevention of recontamination throughout the various stages prior to, and during flight.
As noted in COSPAR category requirements - specifically Category I - target areas of research that are
not deemed relevant or unlikely to harbor life have lax requirements in regards to orbit trajectories.
In the event of an impact in such a scenario, documentation of the impact location and status of the
spacecraft are required. In addition, long term radiation exposure for end of life of a mission is
considered a viable option in order to sterilize the spacecraft of any contaminants it may have been
exposed to on Earth or on a planetary body during its mission (Kminek and Conley, 2010; NASA Office
of Planetary Protection, n.d.).

30

Lander and rover spacecraft restrictions are naturally more stringent as the OPP must consider more
variables in spacecraft that come into surface contact with a planetary body. Various factors such as
the mission objectives, the required operation of the spacecraft, and the planetary body to be
explored all affect the stringency to which a mission must adhere to a given planetary protection
requirement. During development, if only specific parts of a lander or rover are exposed to the
planetary body, then only those parts are required to meet the stricter planetary protection
requirements of sterilization. If the spacecraft mission objectives detail searching for life, or if there is
a likelihood the lander or rover will come into contact with local life or microorganisms, then
precautions such as full or partial sterilization may be required (Kminek and Conley, 2010).

3.2.3. Strengths and weaknesses of the NASA approach
The NASA body for planetary protection is obviously well-defined, and backstopped with directives
and policy documents that provide direction and authority to the PPO. The PPO has multiple roles
including the oversight of planetary protection planning on specific science missions, but also
responsibility liaising internationally with partner agencies and the scientific community. Undoubtedly,
the presence of this role in the organization has led NASA to an international leadership position within
the COSPAR planetary protection panel, judging from the dominance we have seen of North American
representatives at various COSPAR PPP activities and meetings.
Within NASA, the fact that the PPO has a two positions in the organization structure: underneath the
Science Directorate Administrator, as well as on the NASA Advisory Council (granted, on a
subcommittee), shows that this position certainly has authority within the organization. However, in
both places the PPO reports through the Science organization, which means that the PPO has no direct
authority over the other NASA directorates: Aeronautics Research, Human Exploration and Operations,
and Space Technology directorates. This is not necessarily a problem, since so far all interplanetary
science missions have been so far robotic, and clearly under the authority of the Science Directorate.
However, this means that planning for planetary protection in missions is not likely to involve human
operations, since the PPO is not likely to have influence or insight into the Human Exploration and
Operations Directorate. Likewise, the PPO has no direct connection with the Space Technology
Directorate, and so likely has little influence in allocating budget to technology development that may
aid planetary protection in future missions. Both of these issues will be addressed later in this report.

3.3. Other agencies
NASA has led the space community in implementing planetary protection measures, while
simultaneously pushing for transparency by dedicating resources to the OPP and appointing a PPO.
However, other agencies in the international space community have stepped forward in their
commitment to planetary protection, albeit in much different ways compared to NASA.

3.3.1. ESA
ESA, like NASA has a dedicated PPO to oversee planetary protection measures and the activities that
are affected by these policies. ESA differs to NASA in that the role of the OPP is contracted out to the
German space agency, Deutsches Zentrum für Luft- und Raumfahrt (DLR). In cooperation with the
Microbiology Institute at the University of Regensburg, and the German Collection of Microorganisms
and Cell Cultures (DSMZ), this contracted group forms teams that evaluate biological contamination
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and collect samples and data to ascertain the amount of bioburden a facility in cleanrooms and on
spacecraft. In this way the team is able to quantify the contamination in a way where it can be analyzed
via gene sequencing. In combination with statistical analysis, the samples act as a guide in determining
whether the cleanroom and spacecraft contamination are maintained within the planetary protection
standard set by ESA (ESA, 2014).
Although the research and methodology implemented by the group and overseen by the PPO is
thorough, a reflectance on current controls and procedures is done in order to ensure that the right
measures are being taken (ESA, 2014). Through the analysis of the samples taken during the testing,
the team is able to identify specific strains of biological contamination that repeatedly prove to be
resistant to current control methods. At that point the team is able to redesign control methods in
order to return the bioburden back to a previously acceptable baseline. Absolute sterilization is
extremely difficult if not impossible as the cleanrooms in one way or another still interact with the
outside environment.
Being a signatory of the Outer Space Treaty, ESA ensures its member states are in line with the
obligations of the planetary protection policies. This is accomplished through the handling of all
missions under ESA’s responsibility that leave or return to Earth’s orbit. The primary areas of focus for
the planetary protection teams are the biological contamination measures imposed on the spacecraft
and the probably of said spacecraft impacting planetary bodies of research. In order to evaluate the
impact probability with accuracy, the flight hardware is examined thoroughly by the planetary
protections team for reliability. The effects and the mission’s operational components such as flight
path, operation, or shielding are also evaluated - and like NASA - modified if they do not meet the
required tolerances of impact probability (ESA, 2014).
The ESA PPO works closely with their counterpart at NASA to maintain continuity among planetary
protection policies among the cooperating space agencies. In this way the efforts of one agency are
not diminished due to the non-compliance of another. Currently, the ESA PPO – Gerhard Kminek – sits
as the COSPAR chair while the NASA PPO – Cassie Conley – sits as one of the Vice Chairs along with
Victoria Hipkin of the Canadian Space Agency and Hajime Yano of the Japan Aerospace Exploration
Agency (ESA, 2014).
With the teams working on mitigating adverse forward and backward contamination during missions,
the PPO of ESA works to ensure other needs of planetary protection are met. The ESA PPO participates
in reviews and performs audits on spacecraft during various aspects of their lifecycle here on Earth.
The control and coordination required of the PPO in both agencies requires an individual that is able
to cooperate with mission coordinators and planners while safeguarding the integrity of the planetary
protection measures. Although the PPO has proven to be an invaluable champion for planetary
protection within ESA and NASA, the need for a PPO or even an OPP is not as much of a priority for
other space agencies (ESA, 2014).

3.3.2. CNSA
The China National Space Agency (CNSA) oversees all governmental aerospace missions within China.
CNSA is divided into mission directorates that are responsible for various space missions (CNSA, 2015):





The Moon Mission and Engineering Center
The Earth Observation and Engineering Center
The CNSA Remote Sensing Center
The CNSA News Publication Center
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The China Society of Astronautics
The China Institute of Space Law

Various areas typically deemed critical to space missions are notably absent, likely owing to the fact
that information on CNSA activities are tightly controlled and the government is not forthcoming with
information unless necessary or advantageous. The existence of a planetary protection office is not
formally identified within the CNSA structure, but an unpublished OPP or methods of contamination
mitigation could still be implemented as clean room procedures are standard (although possibly
different to the same planetary protection level western agencies hold). Continued monitoring of
CNSA policies and of their unmanned sample return mission to the Moon in 2016-2020 will forecast
any consideration for planetary protection measures.

3.3.3. ISRO
The Indian Space Research Organization is incorporated under the authority of India’s Department of
Space, and is wholly owned by the Government of India. Department of Space is responsible for all
the space related activities that are carried out in the country. The Department of Space includes
several research organizations such as the Physical Research Laboratory (PRL), the National
Atmospheric Research Laboratory (NARL), the North Eastern-Space Applications Centre (NE-SAC), the
Semi-Conductor Laboratory (SCL), the Indian Institute of Space Science and Technology (IIST), the
Antrix Corporation, and of course the Indian Space Research Organization (ISRO). ISRO has several
centers of excellence which are located across the country.
Even though ISRO does not have a dedicated planetary protection office, it complies with the COSPAR
policies for the missions they undertake. Most of the ISRO centers are equipped with clean rooms and
High Purity Systems to ensure a controlled clean environment for Spacecraft Integration. The ISRO
Precision Instrumentation Laboratory (PIL) is equipped with a super clean room of Class 100 (American
Federal Standard 209), which means that in one cubic foot of air the number of half-micron dust
particles is less than 100. Apart from the specification of the dust content, temperature and humidity
were also to be controlled to make it an international-class super clean room. The Space Application
Centre (SAC) of ISRO will be equipped with a large 40x80 meter clean room, and will have several
unique features, including HEPA (High-Efficiency Particulate Air) filters that trap 99.97 percent of all
airborne particles larger than 0.3 microns. The ISRO Spacecraft Integration Test Establishment (ISITE)
has a cleanroom facility of Class 100000, and Temperature, RH and Particle counts are maintained as
per FED Standard 209E. It also includes, laminar flow table, ESD epoxy flooring ESD garments, ESD
chairs, ultra-pure low pressure GN2, and air-lock rooms for loading and unloading of spacecraft and
other equipment.
These infrastructure investments show that ISRO takes its responsibility to be in compliance with
COSPAR seriously, and that it takes steps to ensure that prevention measures for forward
contamination have been carried out carefully. As ISRO does currently not have any plans for sample
return missions, backward contamination prevention techniques and capabilities have not yet been
fully developed.
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3.3.4. Roscosmos
The Russian space agency, Roscosmos, undertakes various processes for the purpose of planetary
protection. Roscosmos does not have a dedicated office for planetary protection and has not sent any
delegates to the COPAR meetings since 2009 (Rummel, 2002; Rummel et al., 2010, 2009).
Despite this reduced connection with the international planetary protection community, Roscosmos
undertakes planetary protection activities. For example, in the case of the Exomars-2018 mission
COSPAR standards were satisfied by following the GOST standards. The standards cover the processes
of sterilization, assembly, transport, and environmental control of the satellite within clean-rooms
(Khamidullina et al., 2014). The GOST standards are a set of domestic Russian industrial standards for
technical regulations that cover a range of activities (GOST, n.d.). The adherence to COSPAR standards
appears to have been practiced for some years. The precursor mission Mars’96 also satisfied the
standards (DeVincenzi et al., 1998). In the case of the Phobos-Grunt mission, the Russian Institute of
Biological Problems provided support for the planetary protection program in the mission’s
development. Reference to the GOST standards is also made in the preparation of this mission
(Martynov et al., 2011).
However, despite Russia’s position as an advanced spacefaring nation, it does not seem to participate
as much in international COSPAR planetary protection panel activities. This is a little mystifying,
especially given that Moscow hosted the biannual COSPAR meetings in 2014. Analysis of the COSPAR
scientific assembly abstract submission database shows that Russian researchers submitted no papers
in 2012, but they submitted two papers as principal authors and one paper as a co-author to the
Moscow 2014 assembly. This is a positive sign, and can be attributed both to their partnership with
ESA on EXOMARS, and also their role as host. The three “Russian” papers were all related to entry,
descent and landing on Mars for the EXOMARS mission. A further positive sign is that the same
submission database shows that there will be 2 Russian representatives at the 2016 assembly in
Istanbul, although abstract submissions are not yet available as of the writing of this report (COSPAR
Congress Database, 2016).

3.4. Conclusions and recommendations
In this chapter, we have analysed how planetary protection policy is developed at the international
and national levels. The principal international body concerned is the Planetary Protection Panel of
COSPAR, the Committee on Space Research, which investigates scientific issues related to planetary
protection, and makes recommendations for approval by the COSPAR Bureau and Executive Council.
However, our analysis of COSPAR PPP workshop attendees and paper submissions shows that western
agencies dominate this process, and participate much more regularly than other agencies, including
Russia, but especially China and India. Even the nation with the longest history in space and enormous
technical capability, Russia, is on the periphery of this process.
As authors from an international university, we strongly feel that this imbalance should be rectified.
Forward and backward contamination concerns are universal – since a failure of either system would
lead to consequences for all of us, not just the nations concerned. Additional effort should be taken
by emerging space nations to work with the more established western (NASA & ESA) agencies in laying
the ground work for future planetary protection measures. Likewise, agencies with more developed
planetary protection organizations should encourage other players to come to the table.
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As an example, the success of the current collaboration on EXOMARS between ESA and Roscosmos
seems to have increased Russian participation in COSPAR PPP deliberations in the last 2 years. Even
though Russia is not an emerging space nation, it is likely that this strategy would work with emerging
space nations as well. Increasing these collaborative efforts on interplanetary missions would likely
work to encourage other agencies to participate in COSPAR planetary protection as well.
It is logical however, that planetary protection measures would be considered inessential by emerging
space nations, since they might not currently have the budget or capacity to realize interplanetary
missions. In view of this however, participation in planetary protection conferences and discussions
with the established space nations would help shape future planetary protection measures. A danger
of only the more established agencies continuing to create policies independently of emerging space
nations is that a rift can emerge where planetary protection measures are not held to the same
standard by the other nations as they develop their own exploration efforts, endangering the integrity
of the measures taken by the established agencies. Increased international cooperation in the near
term, even before emerging space nations are capable of interplanetary missions on their own, would
ultimately benefit all parties and increase the quality of planetary protection guidelines, adherence to
these guidelines by the all nations, and act as a base for other cooperative opportunities.
Thus our conclusions and recommendations regarding international cooperation on planetary
protection are:
Conclusion

3A

Western nations and their space agencies, particularly North American,
European and Japanese tend to participate more in COSPAR planetary
protection panel meetings, and therefore tend to dominate the policy
generation process.

3B

International partnerships, like EXOMARS, have been proven to bring more
varied international participation to COSPAR PPP meetings and assemblies

Recommendations

3A

All nations should be encouraged to participate in COSPAR PPP meetings and
scientific research, regardless of their mission profiles, since prevention of
backward contamination is a universal concern.

3B

All nations with space programs should be encouraged to collaborate on
interplanetary missions, as this will help bring more players into the planetary
protection policy process.

In addition to our discussion of international cooperation on planetary protection, we also wish to
come to some conclusions on NASA’s organization structure for managing planetary protection.
Within NASA, the Planetary Protection Office under the authority and budget of the Science
Directorate Administrator, and so has good oversight over planetary science missions which to-date
have been robotic. However, in the near future interplanetary exploration missions may include
human elements, which will also greatly increase the importance of planetary protection and the
efforts necessary to ensure it. Since the PPO has no direct position in the Human Exploration and
Operations Directorate, and presumably less influence over the planning and budgets of that
directorate, the ability of the PPO to direct planetary protection efforts for human missions might be
compromised. As human interplanetary missions get closer, NASA may benefit from restructuring the
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PPO to enable not only greater oversight of human missions, but greater ability to plan and collaborate
planetary protection between the directorates. Later in this report, we will show that NASA’s
segmentation of robotic and human missions leads to limiting proposed mission architectures to use
only robotic elements, when perhaps human elements would benefit from planetary protection.
Likewise, the PPO has no direct connection with the Space Technology Directorate, and so likely has
little influence in allocating budget to technology development that may aid planetary protection in
future missions. To properly strategize for planetary protection in future missions, greater
collaboration between space technology investment and planetary protection. As part of our report,
Chapter 8 of this report analyzes technologies in the NASA Technology Roadmap that have a planetary
protection impact. We will prioritize the technologies by their potential benefit to planetary
protection.
In summary, our conclusions regarding NASA organizational structure are as follows:
Conclusion

3C

The NASA organizational structure, with a designated planetary protection
officer responsible for both external and internal collaboration has aided NASA
in becoming the most significant participant in international COSPAR PPP
recommendations, deliberations, workshops and research.

3D

The NASA PPO nonetheless is positioned in the organization such that there
may be limitations to its effectiveness when planning human missions, or
collaborations between human and robotic missions.

3E

The NASA PPO also has limited control over budget for technology development
regarding planetary protection.
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4. The science of icy moons
Some of the most promising locations in the search for life are the natural satellites of planets referred
to colloquially as icy moons. These icy moons typically orbit large planetary bodies and lie beyond the
“ice line” of the Solar System where gases typically condense. Beyond this point, planetary bodies are
composed primarily of gaseous or of different ices, this is in contrast to the rocky planets such as Earth
or Mars which are composed primarily of solid rocks and minerals. Orbiting Jupiter and Saturn are
smaller natural satellites, with many being icy moons where the potential of discovering life in
potentially aqueous environments have recently garnered interest within the planetary science
community.
Figure 4-1: Habitability Zones (Supernova Condensate, 2012)

Saturn possesses a diverse array of moons totaling 62, with 9 awaiting official names. The first moon
of Saturn to be discovered was Titan in 1655 by Christiaan Huygens. As the years passed, more moons
were discovered by Giovanni Domenico Cassini and William Herschel. As telescopic and imaging
technology progressed, the number of moons discovered increased over the years, with the most
recent being discovered by the Cassini spacecraft.
The abundance of Saturn’s moons is matched by the varying characteristics of each. An example of
which would be Phoebe, which along with several recently discovered natural satellites orbits in a
retrograde direction. Another example is that of Hyperion, which is speculated to have had a collision
that placed it in an irregular spin, and to have given it an irregular shape. Another moon, Iapetus is
marked with a very distinct dichotic coloring of a dark brownish red and a bright grayish white. The
coloration of Iapetus has several speculative explanations but a very likely one is Phoebe, which is
recurrently dusting the dark side of Iapetus with its particles as Iapetus passes through its orbit. Of all
these unique moons, Titan and Enceladus have proved to be some of the most promising in the
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context of astrobiology. However, their enthusiasm in the search for life in the Solar System is rivalled
by the Jovian moons Europa, and Ganymede (Davis et al., 2013).
Jupiter has 67 known moons in orbit, 17 of which are considered “provisional moons.” This means
that they have yet to be appointed permanent names. In 1610, the now famous Galileo Galilei
observed 4 of these moons, which are now referred to as the “Galilean satellites”. These satellites
capture some of the greatest scientific interest as they are the largest and some of the most complex
of the Jovian system moons. These four Galilean moons: Io, Europa, Callisto, and Ganymede, are all
unique and possess characteristics deemed important for further study (Wessen et al., 2013).
Figure 4-2: The Galilean Moons, from left to right: Io, Europa, Callisto, and Ganymede (JPL, 2010)

Io is tidally locked with Jupiter, and has an elliptical orbit due to the gravitational influence of Europa
and Ganymede. Thus, Io experiences extreme tidal forces which makes it the most volcanically active
of all the planetary bodies in the solar system. Recent insights into Io’s composition suggest that the
odd locations of volcanoes on Io could be the result of fluid tidal heating equating to a molten ocean
underneath Io’s surface. The extreme environment on Io would make it difficult for life to exist and
evolve beyond a rudimentary nature. Conditions would also make it difficult for study beyond flyby
observation, lessening its priority as a location in the search for life. Likewise, Callisto would not be
prioritized as it is a satellite that has little to no observed evidence of geological activity. In fact, with
Callisto’s size being close to that of Mercury’s, it is the only planetary body with a size of over 1000
km in diameter in the Solar System that has had no significant geological change observed on the
surface. This leaves Ganymede and Europa as the Jupiter's primary Galilean satellite candidates for
astrobiology research, and primary candidates of the Jovian system as a whole.
In this chapter, we will examine each of most promising icy moons in the search for life, generally in
order from least to most exciting. We start with the two most promising Jovian moons in the search
for life, Ganymede and Europa. As we will see, Ganymede has an active magnetosphere, which could
provide protection from solar radiation on its surface, and thus makes it very interesting in the search
for life. From the 1980s onward, Europa was considered a prime candidate in the search for life, from
the discovery of its icy surface and the tantalizing possibility of liquid oceans underneath.
After discussing the Jovian moons, we will move on to the two most exciting Saturnian moons, Titan
and Enceladus. Titan is promising due to its thick methane atmosphere, and the possibility of lakes of
liquid methane on the surface. In the last decade or so, Enceladus has replaced Europa as the most
exciting science destination in the search for life, due to the discovery of a thick covering of water ice,
with the possibility of liquid oceans underneath, and enticing geothermal activity.
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4.1. Ganymede – the magnetic moon
Ganymede is the largest of all natural satellites in the Solar System, even larger than Titan. But
Ganymede is most known for its beauty, named after a Greek hero who was considered the most
beautiful of men, who was taken to become a lover and cupbearer of Zeus. Ganymede is one of only
three solid planetary bodies known to have an intact magnetic field (National Academies Decadal
Survey, 2012). Composed of a metallic core where its magnetic field originates, a rocky mantle, and
an icy shell, Ganymede is thought to have active plate tectonics which is supported by the existence
of darker, heavily cratered regions, contrasted by younger, lighter grooved region. These lighter areas
termed ‘sulcus’ describe the grooved regions and comprise 60% of the moon’s surface. The subsurface
ocean has been suggested as having created the sulcus regions which can run for thousands of
kilometers across Ganymede (Wessen et al., 2012).
Figure 4-3: Ganymede (Scientific Visualization Studio, 2016)

Discovered by Galileo in 1610, Ganymede saw exploration by the Pioneer probes in the 1970’s
followed by the Voyager missions. The Voyager missions were the first to confirm that Ganymede was
indeed the largest of the moons in the Solar System, surpassing even Saturn’s largest moon Titan. The
Galileo spacecraft made the major discovery of Ganymede’s magnetic field during its first flyby in 1996,
followed by the likely discovery of a subsurface ocean in 2001. It is also known that Ganymede’s
surface, although comprised mostly of ice, contained rock. Several protuberances along the surface
were observed by scientists in 2004 suggesting that Ganymede’s surface is strong enough to prevent
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rocky material from sinking to the bottom of the ocean. In addition, the Hubble Space Telescope
observed a very thin airglow of an oxygen atmosphere in 1996. The combination of these discoveries
has led scientists to believe that Ganymede could possibly harbor life beneath its surface.
The magnetic field of Ganymede, most likely originating from a metallic core, could provide radiation
shielding due to the magnetic field it generates. This same metallic core could generate enough energy
to create sources of energy for hydrothermal vents on the ocean floor. The gravitational interaction
of Ganymede with Jupiter, and its fellow Jovian satellites is believed to have blunted the geological
evolution of Ganymede.
With a debated habitability, further exploration of Ganymede is required in order to ascertain its
viability for the proliferation of life. This exploration will be carried out by ESA’s JUICE mission which
will measure not only gravitational data of Ganymede, but also the interactions of the magnetic field
of Ganymede, with the magnetic field of Jupiter. The JUICE mission will attempt to answer the
question of whether Ganymede is in hydrostatic equilibrium, which would affect its candidacy as a
habitable planet for life. The gravitational study will examine surface anomalies, while the magnetic
field study will observe the theorized convection of the core and internal ocean within Ganymede and
how these fluctuate with time. Further study deep into the icy moon of Ganymede will yield not only
more information concerning habitability of the moon, but also the likely its effect on neighboring icy
moons and the requirement for life to exist on them (ESA, 2012).
Figure 4-4: Ganymede’s magnetosphere (NASA JPL, 2016).

The magnetic field of Ganymede, combined with the possibility of this icy moon being in hydrostatic
equilibrium, and a likely subsurface ocean attracts astrobiologists to its potential as a habitable place
for life. The magnetic field would be able to shield harmful radiation from reaching the surface, and
the ocean would be a likely environment for life to proliferate. Additional research is required however
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as efforts are being made to include Ganymede as a subject for study in astrobiology missions for the
future.
Next, we will look at Ganymede’s neighbor, Europa.

4.2. Europa – all these worlds are yours
Europa has long been considered one of the most promising of locations in the search for life in the
Solar System, so much so that it featured in Arthur C. Clarke’s novel and film, 2010: The Year We Make
Contact (see Chapter 2). Europa is slightly smaller than Earth’s moon, and has a surface that is smooth
and reflective. The icy surface is fractured, with long lines and possible vents, which discharge water
vapor into space. Research suggests that Europa has a saltwater ocean underneath its icy surface,
which is believed to be deep enough to reach a rocky mantle that surrounds an iron core. This ocean
would be a prime environment for any developing life (Dunford et al., 2012).
Figure 4-5: Europa (NASA - Europa, 2016).

The distance of Europa from the Sun puts it beyond the frost line, and would make the surface of the
ocean icy, but additional research is needed to confirm the subsurface composition of Europa, even
though there is strong evidence of a subsurface ocean.
Being tidally locked with Jupiter, Europa like Io, reveals the same face to Jupiter at all times, much like
Earth’s moon always faces Earth from the same side. The 3.5-day orbit of Europa is also affected by
the gravitational tidal forces of Ganymede and Io, which result in gravitational perturbations on
Europa, flexing its surface. This combination of flexing caused by Jupiter’s strong gravity, and
perturbations from Ganymede and Io result in strong tidal forces that cause the long, cracked lines
along the surface of Europa. Research over a period of decades, has slowly revealed what we know
about Europa today.
Exploration into Europa’s composition began in the 1970s, when NASA missions Pioneer 10 and 11
completed a flyby of Jupiter, and we were allowed to capture glimpses of Europa. However, the images
were degraded and distant, with no significant analysis or inferences being made possible as to
suggest what conditions on Europa were like. It was not until the arrival of the Voyager spacecraft in
the Jovian system in 1979, that detailed surface features of Europa were finally imaged. The Voyager
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spacecraft imagery was detailed enough for the scientific community to begin speculating that the
apparent lack of impact craters and mountainous regions on Europa, suggested that the surface of the
moon was very young, and that the striations that run along the surface were not in line with
expectations that they were a direct result of Jupiter’s gravitational influence on the moon.
These deep fractures suggested that the surface was not fixed in place, and that a possible layer of
flowing liquid existed beneath the surface Ice, and above the mantle. Further exploration was
warranted, in order to further validate the speculation. In time, this validation came from the Galileo
mission spanning from 1989-2003. The Galileo mission was launched in 1989 and began its orbit of
Jupiter in 1995. It was arguably the most revealing of all missions to the Jovian system, resulting in 12
flybys of Europa. The data from Galileo presented detailed imagery from the surface of Europa and
put the characteristics of Europa into context.
An additional observation by Galileo found that Jupiter’s magnetic field was altered around Europa,
where the magnetometer aboard Galileo recorded a directional flow during one of its closest flybys
of Europa. This indicated that electrically conductive fluid was flowing below the mantle. The magnetic
field of Europa has been observed to reverse direction every 5.5 hours, with the magnetic north pole
of Europa having been observed also shifting its position. With the combination of this data, the
scientific community came to the conclusion that a massive salt water ocean lies beneath Europa’s
surface. This theory is still widely held today.
Figure 4-6: Europa: From the rocky mantle to the icy shell (NASA and Europa Study Team, 2012).

Probes and artificial satellites visiting the Jovian system have not been the only means of exploring
and discovering new characteristics of Europa. The Hubble Space Telescope revealed plumes of water
vapor ejected from Europa’s surface. It is also important to note, that these plumes are not yet
confirmed to be originating from the theorized ocean that lies beneath the icy surface, as they could
also originate from friction between warm ice at the surface.
These eruptions believed to be originating from the lines on Europa’s surface, are possibly tied to the
tidal effect observed between Europa and Jupiter which supports the notion of the existence of a
saltwater, subsurface ocean. When Europa is at its furthest from Jupiter at the apogee of its orbit, the
plumes are observed to be active. In contrast, when the moon is in close proximity to Jupiter, they
seem to be inactive. It is hypothesized that this effect is caused by the tidal forces on the moon at
different extremes, and is predicted to occur in the presence of a liquid subsurface. Additional
observations from Hubble also revealed trace amounts of molecular oxygen which make Europa one
of only three observed planetary bodies to have an atmosphere containing oxygen. The atmosphere
however is extremely thin, with the surface pressure believed to be only one hundred billionth that of
Earth’s atmosphere (NASA, 1995; Hall et al., 1995).
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Europa’s geysers, possible subsurface salt water ocean, and ability to hold an atmosphere are of great
interest to the astrobiology community as these aspects make it an area of potential habitability for
extraterrestrial organisms. Future exploration missions would find Europa’s unique features a prime
target for possible landers and probes. Europa’s plumes would be excellent for flyby missions as well,
contributing to a sample return that would not have to be collected on the surface, greatly diminishing
mission complexity. Past research has given us a foundation of understanding, and a platform for
future exploration. Current and future efforts may reveal what is happening below the surface. These
bold missions seek to not only explore Europa, but other icy moons including Titan and Enceladus of
Saturn, where the existence of water could lead to the discovery of a habitable world and the existence
of life.

4.3. Titan – latest discoveries and open questions
Titan, as the name suggests, is Saturn’s largest moon, and the second largest Moon in the solar system,
after Ganymede. The sheer mass of Titan perturbs other moons near its orbit. Rivalling planet Mercury
in terms of volume, Titan has been quite literally shrouded in mystery with its extremely dense
atmosphere, the only natural satellite in the solar system known to possess a significant atmosphere
(McKissick et al., 2012).
Discovered in 1655 by Christiaan Huygens, centuries later Titan became central to scientific interest
after speculation that Titan had a methane atmosphere. In 1979, Pioneer 11 did a flyby of Saturn, and
was soon followed by Voyager 1 and 2 in 1980 and 1981 respectively. These missions were able to
provide more precise information concerning the composition of Titan relating to its density,
atmospheric temperature, and mass. The thick atmosphere kept the surface hidden which was only
barely revealed at the time in infrared by Hubble and through orange filtration on the Voyager 1
spacecraft.
Figure 4-7: Titan (NASA - JPL, 2013).

Receiving only 1% of the sunlight that Earth receives, Titan has an extremely cold surface of – 97⁰C.
The surface is considered to be very young ranging from only 100 million to 1 billion years old, but
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lacks the relative "smoothness" of other young moons, whereas Titan’s surface is dominated by
mountains and lakes (McKissick et al., 2012).
These were first discovered in 2004 when the Cassini spacecraft – specifically designed to image the
surface of Titan – was able to map areas of the moon confirming speculation along with the Huygens
probe it carried to the surface of Titan. The mission confirmed that large bodies of liquid methane
existed, and an active seasonal cycle that brought rains, and carved the surface with the flowing liquid
methane. Deserts are present around the central equator of the moon, along with a subsurface ocean
(NASA Science News, 2014).
The liquid methane lakes found on Titan have been most visible at the poles, with the largest being
Kraken Mare. Kraken Mare is estimated to be 400,000 km 2 and waves have been observed moving
across its surface. This suggests that the lack of sunlight at the poles keeps the lakes from evaporating,
but shows that the rest of the moon is relatively arid. These discoveries have led to interest in Titan
as a location for prebiotic life, similar to that of early Earth.
Figure 4-8: Titan’s Kraken Mare (NASA, 2013)
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Although Titan has proven difficult for study in the past, advances in technology and research
methodologies has made Titan a target for astrobiology research given its highly unique composition.
Titan’s close resemblance to an ancient Earth has made it promising location to search for prebiotic
life which may be contained within the methane lakes concentrated near the poles. The existence of
a rainy season and the ability to hold an atmosphere are additional factors contributing to Titan’s
candidacy for future exploration.
However enticing Titan is, the last moon in our discussion, Enceladus, is currently the most-discussed
moon in planetary science circles.

4.4. Enceladus – latest discoveries and open questions
Enceladus is of great interest to astrobiologists today, and has been of scientific interest since its
discovery in 1789 by Fredrick William Herschel, when at that time it was merely observed as a faint
dot. The Voyager missions during their flybys imaged Enceladus in varying detail, discovering a surface
that was smooth and reflective of almost 100 percent of the sunlight that reached its surface. Upon
closer inspection by Voyager 2, a noticeable difference in the surface features was identifiable. This
imagery showed areas that were very young, and other areas that were heavily cratered, suggesting
some type of geologic or geothermal activity renewing parts of its icy surface (Wessen et al., 2012a).
Figure 4-9: Enceladus (NASA - Cassini, 2016)

Further investigation was continued when the Cassini spacecraft entering into orbit around Saturn in
2004. Within one year of arrival, in 2005, Cassini discovered an atmosphere on Enceladus with a
concentration over the southern polar region, as well as water vapor plumes. These discoveries
supported the theory that Enceladus is not only geologically active, but also possessed a liquid water
ocean beneath its surface.
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The observed water vapor plumes of Enceladus are a defining characteristic of the icy world. These
plumes erupt at a high rate of speed (roughly 1287 kilometers per hour / 357 meters per second),
leading to the determination in 2006 that Enceladus is the prime contributor to the existence of
Saturn’s E-Ring, where it is close in orbit. Water vapor is the principle component of the plumes,
followed by minimal amounts of molecular nitrogen, methane, and carbon dioxide.
Some of the most exciting findings for the scientific community have been in the last couple years,
with the existence of subsurface water being confirmed. After careful analysis of gravity
measurements taken by Cassini in 2010-2012, a southern polar ocean was confirmed with an
estimated thickness of roughly 10 km. In 2015, researchers having combed through and analyzed
Cassini data from the last several years noticed that Enceladus had a wobble during its orbit of Saturn
that was very slight and could only exist if the surface ice was free floating, suggesting that a global
ocean lies beneath a layer of surface ice. The possibility of Enceladus being a habitable location for life
is further solidified by evidence of a geologically active core which is suggested to heat the subsurface
ocean through geothermal processes. The surface of Enceladus is extremely cold due to its high albedo,
but the moon experiences significant tidal force due to its resonance with Saturn’s other moon Dione,
which also magnifies the eccentricity of its orbit. The tidal friction is considered to be key to the heating
of the core and the resulting subsurface ocean. Enceladus is a prime candidate for life in orbit around
Saturn, but it is not the only known candidate, with much attention also going to Saturn’s largest moon,
Titan.
Enceladus’ viability as a target for exploration is arguably the highest of all icy moons considering the
erupting water vapor plumes from its surface, its geological activity, and the confirmation of a
subsurface ocean. Exploratory mission concepts are currently being developed for Enceladus as a
target for astrobiology research, as the continued observation of the moon will likely yield additional
evidence of potential habitability. As Dr. Chris McKay says on multiple occasions, these geysers are
giving us “free samples” (McKay, 2016). What makes Enceladus exciting to the scientific community is
not just the geological activity, and the organic compounds in the ice plumes, but the benefit that
gives to planning science missions. It is far easier to get samples blasted into space, than to try to land
on a surface and drill for samples. As we will see in later chapters, these ice plumes have led NASA
mission planners to propose two mission architectures to exploit this happenstance: ELF would fly
through the plumes and collect data, while LIFE would fly through the plumes and collect samples to
return to Earth.

4.5. Conclusions and recommendations
A common condition for the search for life has been the presence of liquid water. Current
investigations aimed at icy moons fall outside of our solar system’s circumstellar habitability zone (the
area that encompasses a star where planetary bodies are able to maintain liquid water on the surface.)
They are also beyond the frost (ice) line, yet, these moons still possess a high likelihood of harboring
life due to their varying, but unique characteristics in comparison to other natural satellites. Each Icy
moon examined in this chapter has evidence to possess water to some extent or another. The ability
of each moon to maintain some form of energy or activity strengthens the prospect for life. Missions
are currently being planned and developed to explore these locations within the next several decades,
and could lead to the eventual discovery of life beyond Earth. These missions are discussed in greater
detail in the coming chapters. Our goal in this chapter is to prioritize these moons as potential
destinations for these science missions.
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Out of Saturn’s 71 total moons, Enceladus and Titan have proven to be the most promising for research.
Since the Voyager missions, Enceladus’ unique characteristics ranging from its highly reflective surface,
differentiated cratering, and suggested geologic or geothermal activity has given credence to the
possibility that the Icy moon possesses the energy required to harbor life. The discovery of water vapor
plumes by the Cassini spacecraft furthered the notion that Enceladus was not only geologically active,
but also maintains a liquid water ocean below its surface. Titan, in contrast to Enceladus’ very bright
and reflective surface, has been shrouded in mystery until recently due to its thick methane
atmosphere. The Cassini spacecraft in tandem with the Huygens probe was able to reveal liquid
methane lakes near the planet’s poles, the barren desert running along its equator, and the presence
of a salty subsurface ocean. The ability of the moon to maintain an atmosphere and seasons makes it
- along with Enceladus - Saturn’s most likely candidate for astrobiology research.
Jupiter however is not eclipsed by its sister planet Saturn in terms of icy moon research. Ganymede
and Europa have arguably been at the center of much astrobiology discussion. Ganymede has proven
viable due to the rare magnetic field that is generated by its metallic core, helping shield the moon
from radiation. Evidence of plate tectonics, an extremely thin atmosphere, and its subsurface ocean
have made Ganymede a top candidate for scientific exploration missions. Although small in
comparison to Ganymede, Europa is of as much value to future exploratory missions as Ganymede (if
not greater). Since the Pioneer missions, Europa has been seen as ideal for astrobiology research due
to its ability to retain an oxygen atmosphere, its water vapor plumes, and the suggested existence of
a subsurface ocean. Ganymede and Europa are considered excellent candidates among Jupiter’s
moons for life to be discovered.
Retrieval of samples from the icy moons has been a strong driver of missions to the extent where
many future missions have incorporated a sample retrieval mechanism into their mission or the
possibility has been seriously considered. Of the icy moons to be selected however, Enceladus has
been assessed by many scientists to be one of the most exciting of locations to provide samples. The
plumes ejected by the planetary body make collection easier for flyby spacecraft as landing on the icy
moon is not required. The internal geological activity within the moon and concentrated atmosphere
over the south polar region advance the candidacy of Enceladus as a prime location for sample
retrieval and data collection. In short, Enceladus gives free samples, and is most exciting near term
target, as indicated in the following summarized conclusions and recommendations.
Conclusion

4A

The geysers on Enceladus ejecting organic compounds into space simplifies the
acquisition of samples from the interior of Enceladus’s oceans.

Recommendation

4A

We recommend sampling from Enceladus’s geysers be made the highest
priority mission by all space agencies considering interplanetary science
missions to the outer solar system.

Despite these free samples, however, the best chance for finding life on the icy moons is direct
exploration of the surface and subsurface environments. The plumes from the geysers may contain
organic compounds, but sample collection from such a source can only hope to obtain very tiny
quantities of material. There is a chance that microbes may be detected in the space-borne droplets.
However, direct contact with surface environments would maximize the chances of finding interesting
results, near the fissures where there is more continual heating, melting and re-freezing of ice, and
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where much of the plume material falls back to the surface. In these areas there would be a much
greater chance of finding a higher concentration of extinct life, or even active colonies of extant
microbial life. Samples taken by a lander would provide a much needed context to the data collected
in-situ and remotely by the spacecraft, reinforcing any analysis having occurred. Although difficult,
sample returns from the surface would be a significant boon to the scientific community in the quality
and type of data that can be gained from their analysis. Ideally, much larger samples would be
collected from the surface than could be collected from space droplets, incurring the smallest possible
mass penalty from Enceladus’s gravity well, which is almost two orders of magnitude less than Earth.
Conclusion

4B

There is a greater chance of achieving interesting scientific results from direct
surface (or even subsurface) contact on Enceladus.

4C

Of the four moons studied, Enceladus has the smallest gravity well, and so is a
favoured candidate for surface sample return.

Recommendation

4B

We recommend surface sampling, and sample returns, on Enceladus be made a
priority after in-space sample collection, by all space agencies considering
interplanetary science missions to the outer solar system
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5. Current planned missions to Jupiter
5.1. Introduction
With ample targets for exploration in our solar system, an obvious question arises: “How do the major
space agencies plan to study and gather scientific data from them?” This section will explore this
question by analyzing two missions to Jupiter and its icy moons as case studies. These missions,
currently in developmental phases, are titled the Jupiter Icy Moon Explorer (JUICE) and the Europa
Multiple-Flyby Mission. ESA and NASA, respectively, plan to launch their spacecraft no earlier than
2020.
To evaluate these missions, this section will first outline the general premise of each mission and its
status. Afterwards, the mission architecture and timeline in its current state will be presented.
Following this, the scientific objectives and resulting requirements will be defined. Furthermore, the
two missions will be compared and contrasted in an attempt to gain a greater understanding of each
agency’s motivations.
Finally, the planetary protection protocol from each agency will be presented and analyzed in hopes
of making recommendations for these missions. In doing so, the team hopes to improve and provide
greater insight into the practice of planetary protection.

5.2. ESA JUICE mission
The first planned mission that this report will cover is the European Space Agency’s Jupiter Icy Moon
Explorer. Otherwise known as JUICE, this mission will visit the Jovian system, targeting the moons:
Ganymede, Callisto, and Europa (ESA, 2013a). Primarily a characterization mission, this spacecraft is
part of ESA’s Cosmic Vision program and is also ESA’s first project exceeding 1 billion euros, and the
first large class mission to the outer Solar System (Fletcher, 2015).
Figure 5-1: ESA’s JUICE spacecraft concept (ESA, 2016)
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5.2.1. Mission status
Since the approval of JUICE in May of 2012, the mission has made steady progress (ESA, 2012a). In
February of 2013, 11 instruments were chosen to accompany the spacecraft as scientific payload (ESA,
2013b). With the assistance of 16 European countries as well as Japan and the United States, these
instruments are undergoing development to be ready for integration. This instrumentation, and their
objectives to be fulfilled by them, will be further detailed in Section 5.2.3.
A year and a half later, in November 2014, the JUICE mission gained approval for its implementation
phase (ESA, 2014a). In July of the following year, ESA selected Airbus Defence and Space as the prime
contractor for the “design, development, integration, test[ing], launch[ing], and in-space
commissioning of the spacecraft” (ESA, 2015). In December of 2015, a contract between the two
organizations was signed to formalize this agreement. As of January 2016, JUICE currently stands in
the Implementation Phase: B2, in which engineers and planner will discuss the preliminary definition
of JUICE. A preliminary schedule for the JUICE mission can be seen below. JUICE is expected to cost
€1.1 billion.
Figure 5-2: Preliminary outline of JUICE master schedule (ESA, 2014b)

5.2.2. Concept and architecture
JUICE arose as a reiteration of a previously canceled ESA mission entitled the Europa Jupiter System
Mission—Laplace (EJSM-Laplace) (ESA, 2012b). EJSM-Laplace, a proposed joint mission between ESA
and NASA, aimed to explore the Jovian system in order to study the interactions between Ganymede
and Jupiter. The mission would do so using two spacecraft, one from each agency. However, due to
NASA budgetary concerns, ESA abandoned the joint mission in 2011 (Amos, 2012). Despite this, ESA’s
planned spacecraft, the Jupiter Ganymede Orbiter (JGO) showed great promise and was the main
motivation for ESA to continue to develop a spacecraft to visit the Jovian system (ESA, 2012b). In May
of 2012, JUICE came about as a product of those motivations. Expanding on JGO’s objectives, JUICE is
planned to not only study Ganymede, but also Jupiter and its other icy moons. The data gathered from
JUICE will help scientists to characterize the potentially habitable icy moons of Ganymede, Europa,
and Callisto. Furthermore, JUICE can contribute to the understanding of the Solar System as an
analogous system, albeit less complex. In doing so, JUICE will address two of the key science themes
of ESA’s Cosmic Vision program: “What are the conditions for planet formation and the emergence of
life?” and “How does the Solar System work?” (ESA, 2014b).
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Currently, the JUICE mission consists architecturally of a planetary science orbiter and a launch vehicle
for the deployment of the orbiter. After launching from an Ariane-5 rocket, the JUICE spacecraft will
cruise for 7.6 years to Jupiter, with multiple gravitational assists from Earth and Venus. (ESA, 2012b).
Following this cruise and insertion into Jupiter’s orbit, JUICE will visit the various bodies in the Jovian
system according to Table 5-1 below. At the end of the nominal mission, JUICE will be disposed of on
Ganymede’s surface.
Table 5-1: Mission profile (ESA, 2014b)

06/2022 – Launch by Ariane-5 ECA + EVEE-type Cruise
01/2030 – Jupiter orbit insertion
Jupiter tour
Transfer to Callisto (11 months)
Europa phase: 2 Europa and 3 Callisto flybys (1 month)
Jupiter High Latitude Phase: 9 Callisto flybys (9 months)

Overall mission
profile

Transfer to Ganymede (11 months)
09/2032 – Ganymede orbit insertion
Ganymede tour
Elliptical and high altitude circular phases (5 months)
Medium altitude (500 km) circular orbit (3 months)
Low altitude (200 km) circular orbit (1 month)
06/2033 – End of nominal mission

5.2.3. Scientific objectives and payloads
In accordance with the Cosmic Vision science themes mentioned above, JUICE’s scientific objectives
follow suit. To answer the first question concerning planetary formation and the emergence of life,
JUICE will explore the potentially habitable icy moons. Ganymede will be examined for a possible
ocean, as well as its icy shell, and its local environment, its surface features, and finally, for its global
composition of surface materials (ESA, 2014b). Europa will be looked at primarily for its thermally
active zones, where liquid water may exist. In addition, non-water-ice surface materials, atmospheric
conditions, and the active processes of Europa will be examined (ESA, 2014b). The investigation of
Callisto concerns the characterization of its outer shell, the composition of non-water-ice material,
and past activity on Callisto (ESA, 2014b).
To answer the second question of how the Solar System works, JUICE will explore Jupiter as an
archetypical gas giant. More specifically, JUICE will examine and characterize the Jovian atmosphere,
looking at its dynamics and circulation, its composition, its structure, and its clouds. Secondly, JUICE
will characterize the magnetosphere, exploring the three main regions over a span of time. Finally,
JUICE will look at the satellite and ring system of Jupiter, observing Io’s volcanic activity, determining
its surface composition, and characterizing the rings of Jupiter, and the small satellites found within
the Jovian system (ESA, 2014b)
The payloads chosen to fulfill these objectives can be found below in Table 5-2.
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Table 5-2: JUICE Science Payloads (ESA, 2014b)

JUICE Science Payloads
Payload

Purpose(s)

Funding Agency and
Country

JANUS Camera System

To study morphology and processes on
Jupiter’s moon; to perform cloud mapping
on Jupiter

ASI, Italy

Moons and Jupiter
Imaging Spectrometer
(MAJIS)

To observe tropospheric clouds on Jupiter;
to characterize ices and minerals on icy
moon surfaces

CNES, France

UV imaging
Spectrograph (UVS)

To characterize icy moon atmospheres; to
study Jovian aurorae

NASA, USA

Sub-millimeter Wave
Instrument (SWI)

To investigate temperature properties of
Jupiter’s atmosphere and surfaces of icy
moons

DLR, Germany

Ganymede Laser
Altimeter (GALA)

To study tidal deformation of Ganymede; to
gather morphological and topological data

DLR, Germany

Radar for Icy Moons
Exploration (RIME)

To study subsurface icy moon structure

ASI, Italy

Magnetometer for JUICE
(J-MAG)

To characterize Jovian magnetic field and its
interactions, to study subsurface oceans of
icy moons

UKSA, United Kingdom

Particle Environment
Package (PEP)

To characterize plasma environments of the
Jovian system

SNSB, Sweden

Radio and Plasma Wave
Investigation (RPWI)

To study radio emission and plasma
environment of Jupiter and the icy moons

SNSB, Sweden

Gravity and Geophysics
of Jupiter and Galilean
Moons (3GM)

To study gravity fields and internal oceans;
to investigate atmospheres of Jupiter and its
moons

ASI, Italy

Planetary Radio
Interferometer and
Doppler Experiment
(PRIDE)

To investigate gravity fields of Jupiter and icy
moons

NWO/NSO, The
Netherlands

Remote Sensing Package

Geophysical Package

In Situ Package
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5.2.4. Scientific requirements
In order to achieve the desired science objectives, several requirements have been designated for the
JUICE mission. ESA outlines these requirements in the JUICE Definition Study Report from 2014. In
visiting and studying each planetary body, certain mission parameters, instruments, operational
procedures, or most likely, a combination of the three will be required to meet objectives. In the
figures below, these requirements have been outlined.
Figure 5-3: Science requirements for ESA Juice mission (ESA, 2014b)
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5.3. NASA Europa Multiple-Flyby mission
Following the aforementioned cancellation of EJSM-Laplace, NASA also sought to continue its
exploration of the Jovian system. Primarily, NASA wished to follow up on the “amazing data from 11
flybys of [Europa by] the Galileo spacecraft” in the late 1990s
Figure 5-4: Top-level Europa Multiple(NASA, 2015b). This data, which suggests the existence of a
Flyby Mission development schedule
subsurface, liquid water ocean, in addition to the more recent
discovery of water vapor by Hubble makes Europa an exciting
target which “may possess all the ingredients for extraterrestrial life” (Campagnola et al., 2014).
In the 2011 Planetary Science Decadal Survey, a major cost
reduction was called for in regards to Jupiter Europa Orbiter
designed for the EJSM-Laplace mission (Space Studies Board,
2011). NASA’s Europa Multiple-Flyby Mission (Flyby) will
combine the efforts of the Jet Propulsion Laboratory and
Johns Hopkins University’s Applied Physics Laboratory to meet
that cost reduction while still exploring the unique
environment of Europa (Europa Study Team, 2012).

5.3.1. Mission status
Like ESA’s JUICE mission, the mission resides in Phase B, having
completed a conceptual study and preliminary analysis (NASA
JPL, 2015a). As seen in Figure 5-4, the project will undergo a
preliminary design review during 2016. Furthermore, Flyby
will also undergo a system requirements review, system
design review, and non-advocate review in Phase B:
Formulation (NASA, 2015c). Flyby is scheduled to launch on
NASA’s Space Launch System no earlier than November 2021
and is expected to cost $2.5 billion.

5.3.2. Concept and architecture
Also similar to JUICE, Flyby consists of a spacecraft and launch
vehicle to send the orbiter to orbit around Jupiter. However,
where JUICE will visit several of the icy moons of Jupiter, NASA
engineers at JPL plan for Flyby to make 45 flybys of Europa,
maximizing data collection, data transmission, and mission
duration (Van Kane, 2014). While an orbiter would have
around a month of available time to transmit data throughout
its lifetime, the orbit strategy of Flyby would allow for up to a
year of transmit time during the proposed three-year mission
(NASA, 2015a).
The flyby orbit strategy also reduces the doses of radiation
received by the spacecraft on each pass, allowing for
operational time and data gathering far exceeding that of a
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traditional orbiter (Van Kane, 2014). However, because of the prolonged time spent in the harsh
radiation fields extending out from Jupiter to slightly past the orbit of Europa, engineers must
substantially harden the hardware of Flyby in comparison to JUICE.
After the integration of Flyby instrumentation and hardware, Flyby will launch no earlier than
November of 2021 and spend 3 years in a direct, unassisted cruise orbit to Jupiter. Flyby's repeated
orbits are expected to last for a duration of up to 3.5 years. During these flybys, NASA plans for Flyby
to image, characterize, and investigate the moon’s icy surface and interior (NASA, 2015c).

5.3.3. Scientific objectives and payloads
With Europa as Flyby’s target, NASA aims to use Flyby data in bringing about a better “understanding
[of] issues of habitability in the Solar System” (Europa Study Team, 2012). To investigate the
habitability of Europa, NASA has identified “three ‘ingredients’ for life” upon which Flyby’s
instrumentation should focus: 1.) water, 2.) chemistry, and 3.) energy (NASA, 2015a; Europa Study
Team, 2012).
The first of the ingredients, water, will be investigated by Flyby through confirmation of an interior
ocean and further study of Europa’s ice shell. From studying the ice shell, NASA hopes to learn more
about the thermal processing properties of the shell, the exchange dynamics between the shell and
the underlying ocean, and finally, the tectonic layout of Europa (Europa Study Team, 2012).
To better understand the chemistry of Europa, Flyby will gather data about the composition of
materials found on Europa. By studying the chemical structure and interactions of the organic and
inorganic compounds on Europa, scientists at NASA hope to better understand the history of Europa.
With these data, the habitability of both ocean and subsurface can also be discerned (NASA, 2015a).
Lastly, NASA’s Flyby mission will help scientists learn about the geological processes of Europa. If life
is to exist on Europa, these processes would provide the necessary energy for the genesis of such life.
To look into these processes, Flyby will capture data concerning topics such as the unique linear
features, the somewhat chaotic terrain, the impact features, and geological history (Europa Study
Team, 2012).
In order to achieve these objectives, Flyby will carry a payload consisting of the instruments detailed
in Table 5-3.
Table 5-3: Europa Multiple Flyby Mission Payloads (NASA, 2015b)

Europa Multiple Flyby Mission Payloads
Payload

Purpose(s)

Associated
Organization

Plasma Instrument for
Magnetic Sounding (PIMS)

To determine ice shell thickness, ocean
depth, and salinity on Europa in
conjunction with ICEMAG

John Hopkins Applied
Physics Laboratory

Interior Characterization of
Europa using Magnetometry
(ICEMAG)

To determine ice shell thickness, ocean
depth, and salinity on Europa in
conjunction with PIMS

Jet Propulsion
Laboratory
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Payload

Purpose(s)

Associated
Organization

Mapping Imaging
Spectrometer for Europa
(MISE)

To investigate Europa surface
composition by identifying and
classifying compounds; to attempt to
determine habitability of Europa’s
ocean

Jet Propulsion
Laboratory

Europa Imaging System (EIS)

To map selected surface areas of
Europa

John Hopkins Applied
Physics Laboratory

Radar for Europa Assessment
and Sounding: Ocean to
Near-surface (REASON)

To characterize Europa’s ice crust

University of Texas

Europa Thermal Emission
Imaging System (E-THEMIS)

To provide thermal imaging of Europa in
an attempt to detect geologically active
sites

Arizona State
University

Mass Spectrometer for
Planetary
Exploration/Europa
(MASPEX)

To determine surface and subsurface
ocean composition of Europa

Southwest Research
Institute

Ultraviolet
Spectrograph/Europa (UVS)

To detect plumes and provide
compositional and dynamical data
about Europa exosphere

Southwest Research
Institute

Surface Dust Mass Analyzer
(SUDA)

To measure ejected small solid particle
composition

University of Colorado
Boulder

5.3.4. Scientific requirements
To use utilize the above instruments effectively, NASA has outlined several requirements for Flyby’s
operation. These requirements can be found in Table 5-4, which follows.
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Table 5-4: Requirements for Investigating Europa’s Ice Shell (Europa Study Team, 2012)

Requirements for Investigating Europa’s Ice Shell
(1) Globally distributed regions: 6 equatorial panels (±30 deg Lat) and 4 panels at each pole (±60
deg in Lat); total of 14 panels.
(2) Low-altitude flyby along a groundtrack achieving ~1600-km segments within each panel at
altitude <1000 km, at <6 km/s, and with 25- to 100-km closest approach. Each groundtrack shall
also intersect another groundtrack
(3) Radar groundtrack begins below 1000-km altitude with altimetry mode.
(4) Tracks of 1/6 of Europa's circumference in length co-located with a nadir-pointed altimetric
profile with absolute height accuracy of 10 m.
Requirements for Investigating Europa’s Chemical Composition
(1) Ability to target specific geologic locations that are globally distributed: 6 equatorial panels
(±30 deg Lat) and 4 panels at each pole (±60 deg in Lat); total of 14 panels.
(2) Low-altitude flyby along a groundtrack within each panel at altitude <1000 km, at ≤6 km/s, and
with 25- to 100-km closest approach. Ability to collect data at different locations along the
groundtrack to sample desired landforms.
(3) Observations on the leading and trailing hemisphere are required in addition to at least one
high-latitude pass.
(4) Solar incidence angles at the equator of less than 45° (local true solar time between 9:00 to
15:00)
(5) Ability of spacecraft to smoothly scan over the surface to build up spectral image cube.
(6) Spacecraft stability: Less than 1/2 IFOV over the integration time.
(7) Regional scale (300 m/pixel) observations
(8) Flyby Velocity of <7 km/s, with slower speeds desirable.
(9) Flight altitudes of <200 km, with lower altitude passes desired (as low as 25 km).
Requirements for Investigating Europa’s Geology
(1) Acceptable range for stereo imaging is incidence angles of ~20° to 80°. To the extent possible,
imaging should be at solar incidence angles greater than 45°. Ideally, the incidence angle would be
70°.
(2) The cross-track angular width (FOV) should be sufficient to cover the effective cross-track
width of the radar sounder.
(3) Flyby Velocity of <7 km/s, with slower speeds desirable.
(4) Flight altitudes of <200 km, with lower altitude passes desired (as low as 25 km).
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5.4. Planetary protection requirements
While carrying out these missions, it is clear both ESA and NASA hope to perform very complex
scientific analyses. However, if JUICE or the Flyby spacecraft carry with them molecules and
substances from Earth, how can either agency hope to gather acceptable data while orbiting the Jovian
bodies? In addition, if life or conditions suitable for life do exist on these bodies, how can NASA and
ESA ensure their spacecraft does not foul the special surfaces and oceans which it will analyze? Finally,
what can be done to ensure future investigations of these bodies are not hampered by JUICE and
Flyby?

5.4.1. Proposed protection policies and plans
In general, both ESA and NASA follow the policy recommended by the Committee on Space Research,
or COSPAR. According to this policy, both JUICE and Flyby are considered Category III missions
(COSPAR, 2011). In its 2002 document on planetary protection policy, COSPAR defines a Category III
mission as a mission that will “target [a] body of chemical evolution and/or origin of life interest and
for which scientific opinion provides a significant chance of contamination which could compromise
future investigations” (COSPAR, 2011). For a Category III mission, agencies following COSPAR’s policies
must provide documentation and practice recommended implementation procedures (COSPAR, 2011).
To meet policy agreements, each agency must provide the following documentation:








Planetary protection plan
Pre-launch report
Post-launch report
Post-encounter report
End-of-mission report
Contamination control plan
Organics inventory

In addition, the following three implementation procedures must be practiced by agencies: 1.)
trajectory biasing of spacecraft, 2.) use of cleanrooms for assembly and integration, and 3.) bioburden
reduction. Finally, COSPAR requires the following probabilities from the agencies for missions to
Europa (COSPAR, 2011):






Bioburden of spacecraft at launch
Survival of organisms contaminating spacecraft during cruise
Survival of organisms contaminating spacecraft within Jupiter radiation environment
Probability of landing on Europa
Survival of organisms upon landing on Europa

As participants in COSPAR, both ESA and NASA use the policies recommended by the Committee as
baselines for their protection policies. ESA also actively works to reduce the bioburden of JUICE on the
two prime targets, Europa and Ganymede. More specifically, COSPAR recommends ensuring a
probability of a Europan ocean contamination to less than 10-4. This probability estimate comes from
models predicting the perishing of active Earth organisms during the long cruise time, the transit
through Jupiter’s harsh radiation fields, and the Europan entry conditions. ESA has also identified the
likelihood of a collision during Europa flybys, around 5-40%, the greatest chance occurring when
closest to Europa (ESA, 2014b). To mitigate this risk, ESA plans to make trajectory corrections upon
JUICE’s arrival in the Jovian system. With these corrections, ESA has 99.7% confidence in avoidance.
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For the protection of Ganymede, ESA also aims for a probability of contamination less than 10-4. At
the end of life, ESA will bring the craft to a controlled impact on Ganymede, avoiding any sensitive
areas on the surface. The probability of contamination at this point is helped by the sterilization intransit of the spacecraft as it passes through various radiation environments (ESA, 2014b). To bring
the overall probability to less than 10-4, ESA will undertake sufficient bioburden reduction during
JUICE’s implementation phase to bring the total number of microbes within an acceptable limit.
NASA, like ESA, will meet COSPAR’s recommendations. This includes impact and contamination
avoidance, keeping probabilities below 10-4 (JPL, CIT and NASA, 2014). NASA also provides some
specific procedures for reducing bioburden. One example of such a procedure is dry heat microbial
reduction. Using this procedure, a spacecraft would be exposed to a temperature of 125°C for at least
132 hours (JPL, CIT and NASA, 2014). Other procedures that NASA and ESA might use include Vapor
Hydrogen Peroxide, HEPA filters, and alcohol swab and wiping. NASA will also take samples of organic
material being transported abroad Flyby.

5.5. Conclusions
At first glance, looking at these two missions from ESA and NASA, it seems that little attention is paid
to planetary protection. This is deceiving, however, as planetary protection is primarily concerned
with contact between spacecraft and Solar System bodies, and the possible transmission of biotic
materials. Since these missions do not intend contact with Solar System bodies, the planetary
protection concerns focus on contingency planning against various failures that may cause an
unexpected crash. In addition, a major concern will be the plan for end-of-life of the mission.
Ultimately bioburden reduction on the craft itself needs to be sufficient to bring the overall probability
of contamination below 10-4.
These two missions represent a key strategy in maintaining planetary protection in robotic exploration
missions: keep your distance from the target. NASA Europa flyby will start initial passes at 1000 km,
but later intends to get as close as 25 km. Consequently, the main concern for planetary protection
will be the chance of crashing during these close passes. The key strategy for minimizing this
probability will be to add as much precision, testing, and verification of the flight dynamics as possible.
Environmental factors of the overall mission planning will also feed into the probability calculation,
including the survivability of the various radiation environments the spacecraft passes through. Once
the accuracy of flight dynamics has been maximized, the bioburden reduction shall be planned as
necessary to bring the overall probability of contamination to 10-4.
Conclusion

5A

The planetary protection requirements for both JUICE and Europa Flyby are
relatively straight-forward, focussing on the flight dynamics, probabilities of
accidental impact, and the plan for end-of-life.

5B

The science value of these missions will not be as profound as a lander mission,
or as a sample return mission, since direct contact is not part of the mission
plan.
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6. Mission concepts to Enceladus
6.1. Introduction
On October 15, 1997 the Cassini-Huygens Mission was launched with a set of objectives to
characterize the Saturnian environment and send the Huygens probe onto the surface of Saturn’s
largest moon, Titan. In 2004 and after a 6-month Jupiter flyby, Cassini-Huygens became the first
spacecraft to enter orbit around Saturn, and the first probe ever landed on an outer Solar System body
(Tobie et al., 2014).
Since the arrival of Cassini to the Saturnian system, remarkable milestones have been accomplished
within the field of astrobiology and the search for life elsewhere in the Solar System. As a result of the
observations and measurements being performed during the Cassini mission, Enceladus was identified
as one of the most promising targets for extraterrestrial life detection (Anbar, 2014).
Enceladus, with an approximate volume ten times smaller than that of Titan, is one of the Saturnian
moons located within the E-ring (the second outermost ring of Saturn). As mentioned, the
characterization of the Saturnian environment was one of the primary objectives of the CassiniHuygens mission. Flying by Enceladus in 2005, active icy geyser-like plumes were identified projecting
water vapor and ice grains from Enceladus’ south pole (Stevenson et al, 2014). Most ejected particles
do not have the required velocity to escape the Moon’s gravitational field. A small fraction, though,
exceeds this velocity replenishing the E-ring (Kempf et al., 2010). This fact would become the
foundation idea that suggests Enceladus endogenic activity as the potential origin of Saturn’s E-ring
(Pang et al., 1984). Additionally, following flybys close to the south pole region of Enceladus measured
abnormally elevated surface temperatures. These temperatures are associated with heat streams
drifting along tectonic ridges, called “Tiger stripes” (Tobie et al., 2014).
Today, the Cassini mission is still ongoing, flying through the plumes of Enceladus, recording images
and characterizing Saturn’s environment. By the time of writing, the last Enceladus flyby recorded was
performed by Cassini on October 28, 2015 (Lunine, 2015).
Figure 6-1. Alignment of Enceladus and Tethys. Image taken by Cassini on December 14, 2015. (“Bull’s-eye
Moons,” n.d.)
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The discovery of Enceladus’ southern geyser-like plumes introduced a whole new set of enquiries with
regard to the source of these vents. Cassini observations revealed the presence of the basic elements
required for complex biological organisms to develop, i.e. C, H, O, N, warmth and likely liquid water
(Spencer and Niebur, 2010). The presence of salt water reservoirs on Enceladus is supported by a
number of aspects including the
detection of salt-particulate
Figure 6-2: Enceladus Travel Poster (“Cassini Solstice Mission”, 2016)
within the icy plume (Postberg
et
al.,
2011),
gravity
measurements (Iess et al., 2014),
and results obtained from tidal
deformation models (Nimmo et
al., 2007).
Cassini showed the potential of
Enceladus to the scientific
community, placing the icy
moon on the map of key
astrobiological targets within
our Solar System. However,
Cassini
observations
were
carried
out
using
instrumentation and technology
from nearly twenty years ago. A
unique
opportunity
to
characterize Enceladus’ plumes,
identify the subsurface ocean
composition, and measure its
cryovolcanic activity arises by
the use of today’s high mass
resolution spectrometers and
cutting-edge instrumentation.
Future missions to Enceladus
appear to be a logical follow-up
to
Cassini’s
extraordinary
findings and an essential
endeavor
to
unveil
the
possibility of life evolving in the
outer Solar System (Tsou et al.,
2011).
The objective of the present chapter is to present two mission concepts for future investigations on
the Saturnian icy moon, Enceladus. Initially, NASA’s Enceladus Life Finder (ELF) mission will be
described, addressing the mission concept and timeline proposed, as well as its scientific objectives.
Consequently, the Life Investigation For Enceladus (LIFE), a sample return mission concept, will be
presented, giving special attention to the technological developments required. Planetary protection
requirements and the different mission risks will be addressed, highlighting the benefits and
limitations of such missions.
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6.2. Enceladus Life Finder (ELF)
The Enceladus Life Finder (ELF) is a NASA mission encompassed within the 2015 Discovery Proposal.
NASA’s Discovery Program was created in 1992 with the objective of improving our understanding of
the universe, developing new technology, and fostering the collaboration between industry and
academia. This has been achieved over the years by focusing on relatively low-cost, scientific missions
(every mission approved must have a cost cap of $450 million) aimed for the further exploration of
the Solar System.
In that sense, the ELF mission was proposed together with two dozen other concepts submitted to the
2015 Discovery call. Finalists to the program will be revealed by September of the present year (2016).
The ELF mission concept proposes a low-cost, highly effective approach to the characterization of
Enceladus cryovolcanic activity and subsurface ocean. The probe will travel through the icy geyser-like
plumes of Enceladus, just as Cassini has been doing for the last ten years. The use of higher sensitive
instrumentation and the latest technology will provide us with detailed measurements impossible to
be achieved so far. Measurements that are essential to determine the likelihood of finding complex
biotic forms beyond our home planet (Lunine et al., 2015).

6.2.1. Mission objectives and the science behind ELF
In order to fulfill NASA’s Discovery provisions and with the aim of complementing and improving
Cassini’s former data, the following mission objectives were proposed and categorized into three main
areas (Lunine, 2015; and Lunine et al., 2015).
Table 6-1. ELF Mission Scientific Objectives.

Category

Scientific Objective

Evolution

To study whether volatiles and organics
coming from Enceladus have evolved over
time due to its endogenic thermal activity.

Habitability

To characterize the internal ocean of
Enceladus in order to ascertain its lifecarrying capacity (i.e., to measure acidity,
temperature, oxidation state, and available
energy).

Life

To measure the plume composition with
the aim of finding organic traces and
biochemical signatures.

These objectives are intended to undertake fundamental lines of research in astrobiology, such as the
origin of organic matter and the search for Earth-like habitats elsewhere in the universe.
During the ELF mission, three tests will be conducted in the search for life within Saturn’s icy moon.
Initially, observations will be oriented in the search for clear patterns of amino acids. Follow by the
analysis of the carbon number distribution within isoprenoids, which are naturally occurring organic
compounds made of two or more five-carbon units arranged in a distinct manner. Finally,
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measurements on the abundance of methane and the carbon-hydrogen isotopic ratio will be
performed (Lunine et al., 2015).
These tests are thought to be aligned with the principles outlined in Lunine et al. (2015). These
principles suggest that in order to minimize the ambiguity in the results obtained and hence,
guarantee a potential detection of life, these have to be designed so that:




They are clearly differentiable.
They look for properties inherent to life.
They are universal for water-based life.

6.2.2. ELF mission payload
As previously mentioned, one of the motives driving future missions to Enceladus would be the
possibility of conducting measurements and observations based on today’s ultimate technology. An
example of the latter can be found in the payload selected for the ELF mission. It is comprised of two
main instruments: the Enceladus Icy Jet Analyzer or ENIJA, and the Mass Spectrometer for Planetary
Exploration, MASPEX.
With the instrumentation mounted on Cassini (i.e., the Ion Neutral Mass Spectrometer (INMS) and
the Cosmic Dust Analyzer (CDA)) scientists were able to detect organic and nitrogen-based molecules
as well as salt particles contained within Enceladus icy jets. This was the core foundation to believe
that subsurface liquid water resides in contact with Enceladus’ solid core (Waite Jr et al., 2010; and
Postberg et al., 2011). The use of ENIJA on the proposed ELF mission will provide higher mass
resolution and impact recording rates, and an improved sensitivity never achieved before by Cassin’s
instruments (Srama et al., 2015). While flying through the geysers of Enceladus, ENIJA will conduct
spectrometric and acid-based studies, and a chirality test of the plume molecules with the aim of
finding key biological compounds (Lunine et al., 2015).
The second instrument, so-called MASPEX, consists of a new generation of scientific instruments
aimed to provide precise measurements of gas, dust, and volatiles in the identification of biological
activity. An example of the improvement brought by this new technology is shown in Figure 6-3. In
this figure, measurements taken by Cassini’s INMS are compared with early test developed over
MASPEX in the context of the ELF mission. As can be seen, mass resolution has been improved allowing
for an accurate characterization of the different organic compounds found in the sample (Lunine et
al., 2015).
Figure 6-3. Cassini INMS data compared to ELF MASPEX high resolution measurements (Lunine et al., 2015).
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6.2.3. Mission architecture and timeline
The ELF mission concept has been proposed in order to
provide detailed measurements on Enceladus hydrothermal
activity. Features such as temperature and energy storage of
the inner ocean will be analyzed in the search for
biosignatures and inhabited regions in the Saturnian system.

Figure 6-4: Proposed ELF mission timeline

As stated in Lunine et al. (2015), the ELF mission will be ready
by 2020, with a launch window accessible in 2021 on board a
United Launch Alliance Atlas V rocket. The timeline is shown
in Figure 6-4. This will involve a 9.5 year-long journey to
Saturn, in which energy will be supplied by NASA Advanced
Solar Arrays. In spite of the weak sunlight available in the
Saturnian environment, solar power was proposed due to the
fact that nuclear fuel is prohibited for missions under the
Discovery Program. Moreover, ELF would become the first
solar-powered spacecraft ever to travel that far into the Solar
System.
The Enceladus Life Finder mission is an extraordinary
opportunity to assess the probability of finding life elsewhere
in the Solar System. With the use of high resolution mass
spectrometers, we now have the chance to uncover some of
the more compelling enigmas within the astrobiology field.

6.3. Life Investigations for
Enceladus (LIFE)
Cassini’s astounding findings brought up new opportunities
for further investigations on the habitability of Saturn’s icy
moon, Enceladus. The ELF mission appears to be a clear
follow-up to Cassini’s breakthroughs. Within the same
framework and in parallel to the ELF mission, the scientific
community is considering the possibility of developing a lowcost sample return mission to Enceladus. The concept
mission proposed, so-called Life Investigations For Enceladus (LIFE), would be based on the capabilities
developed over 15 years ago in the context of the Stardust Mission. The Stardust and Hayabusa
missions defined the baseline that drives future sample return missions and brought up its importance
for further analyses in the search for life outside our home planet. The benefits of sample return will
be addressed in Section 6.3.3. The LIFE mission would provide a scientific benefit comparable to those
missions under the Flagship program with a cost cup of a Discovery mission.
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6.3.1. Mission objectives and science behind LIFE
The Life Investigation For Enceladus (LIFE) is a low-cost sample return mission to Enceladus with a lot
of potential regarding the astrobiology field. The LIFE mission objectives can be divided into two main
areas.
The primary purpose of this mission is to capture, preserve and return Enceladus plume samples. The
aim encompasses the capture of volatiles in order to complement Cassini achievements and ELF
mission objectives. The secondary objective of the mission is to make complementary in situ
measurements in order to improve Cassini’s observations of both Enceladus, the Saturn E-ring, and
Titan with increased sensitivity and mass range (Anbar, 2014).
It is to be noted that the size of Saturn's E ring suggests that the Enceladus plume has been present
for more than three centuries. Urgency in performing a mission such as LIFE lies in the fact that
continuity of Enceladus internal activity cannot be assured. If that happens, and Enceladus jets stop
propelling “free” molecules to space, a completely new mission would have to be designed. This would
involve an orbiter plus a lander to locate and reach the liquid bases that serve the geysers. Therefore,
planetary protection requirements, such as lander sterilization, would have to be considered resulting
in higher mission costs.
The LIFE mission would include the following payload: a mass spectrometer with higher resolution
than in the previous Cassini mission and only in situ instruments with high heritage and potentially
developed by other countries in order to reduce the total mission cost (Tsou et al., 2011).
Following Tsou et al. (2011) assessment of the LIFE mission, the way it will augment Stardust outcomes
in capturing and characterizing volatiles will be by ensuring the following operational aspects
“1) Reducing the sample capture speed to as low as 2 km/s
2) Reducing the aerogel entry density by a factor of 5
3) Maintaining sample temperatures well below the sample ambient temperature
(~230K)
4) Operating an active volatile trapping and sealing deposition collector. “

6.3.2. Mission concept, architecture and timeline
The LIFE mission concept has two main parts. The first part of the mission is to orbit Saturn in order
to achieve lower speeds for sampling (around 2 km/s), so that the impact from particles in the plume
is reduced and also to make possible multiple flybys of Enceladus. The second part involves the
sampling of Enceladus’ plume, the E ring of Saturn, and the Titan upper atmosphere (Tsou et al., 2012).
The mission timeline is envisioned as shown in Figure 6-5.
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The mission would have a total lifetime
of 13.5 years. It would be launched on
the Atlas 4 and two ASRGs (Advanced
Stirling Radioisotope Generators)
providing 245 W EOL for electrical
power. The orbiter will be 3-axis
stabilized and Ka-band will be used for
communications.

Figure 6-5: Proposed LIFE mission timeline (Tsou et al., 2012)

In order to minimize missions cost and
duration, LIFE has to be launched by
2019, since a reasonable launch
window for Jupiter’s gravity assist
maneuvers will not be available again
until 2058 (Landau 2009).
Finally, Enceladus is the only known
planetary body that ejects its internal
material in the form of jets, which
allows for sample capture in a low cost
flyby mission. With the collected
samples it will be possible to search for
the existence of life on Enceladus. Since
the consensus description of life as we
know it on Earth can vary, the
identification of '' life '' in the alien
environment is even more challenging.
In this context, understanding the
composition of the radiating ice
particles could demonstrate if life is possibly present on Enceladus.

6.3.3. Benefits of sample return
One of the major goals sought in the field of unmanned space exploration is the possibility of sending
probes into space, characterize a specific region, and eventually bring samples back to Earth for indepth analysis. Two are the major aspects driving the need for sample return missions. In the first
place, ground-based laboratories offer a whole set of capabilities impossible to be achieved by
spacecraft instrumentation (Anbar, 2014). Once on Earth, samples can be thoroughly analyzed by
using complex characterization methods. This also allows for multiple and repetitive analysis, and
provides a degree of flexibility, many times critical in the selection of investigations (Viviani et al.,
2012).
Besides, new technologies can be developed in order to independently verify specific properties of
the sample. This can be carried out by scientists coming from a wide variety of disciplines. Relevant
questions can be brought up, and hence, future space exploration missions can be discussed and
planned effectively (Tsou et al., 2011).
From a scientific point of view, several methods of analysis are preferred to be performed on Earth,
such as direct chemical and physical analysis (Tsou et al., 2011). Sample return brings the possibility
of avoiding most of the constraints attached to in situ measurements, such as limited number of
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experiments and short characterization times (Wall, n.d.) However, some limitations are brought up
by the fact that some in situ measurements are impossible to replicate within a 1-g environment.
In the case of Enceladus, between 150 and 300 kg are estimated to be projected into space from the
icy plumes every second (Tsou et al., 2011). A new level of complexity arises due to the dispersion and
diffusion of this particles at a given altitude, making in situ measurements really challenging.

6.3.4. Full-passive Earth re-entry capsule
Once considered the benefits derived from sample return, the LIFE mission will be used to prove a
technological concept so-called full-passive Earth re-entry capsules (ERC). Stardust and Hayabusa,
both made use of active re-entry systems for sample return, i.e., a parachute device is incorporated
and used for the terminal descent of the capsule, setting the basics for future sample return missions.
Figure 6-6: Hayabusa Re-entry Capsule diagram (JAXA, 2010)

The concept of passive ERCs relies on the possibility of avoiding potential failure modes and
constraints related to parachute deploy and landing. This concept suggests removing the parachute,
and, instead, make use of materials specifically designed to absorb the energy resulting from the
ground impact (i.e., a ballistic re-entry). This comprises the least expensive scenario as the success of
the re-entry relies solely on aerodynamics, thermal protection, and material science. An example of
the design proposed for a full passive ERC can be seen in Figure 6-7.
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Figure 6-7: Proposed design for a fully passive ERC (Mitcheltree et al., 1998)

The benefits, limitations, and requirements for such systems are thoroughly described in Mitcheltree
et al. (1998). Although these are considered to be applied in the context of the Mars Sample Return
(MSR) concept, the complete set of requirements can be extrapolated to the LIFE mission. These
requirements are summarized below
1) The containment of the sample has to be assured during the last phases of the mission.
2) Water landing should be avoided and recovery beacons must be used to provide a rapid
sample recovery. Although water landing is considered to be an avoidable scenario by the
work previously mentioned, some authors stand up for the benefits arising from landing over
international waters (Takano et al., 2014). This has major implications in regard to planetary
protection policies as will be addressed in Section 6.4.
3) The re-entry capsule would impact the ground within the subsonic velocity regime (i.e.,
velocities below 1000 km/h). Mechanical loads acting on the sample canister must be
minimized and temperatures should be maintained below 250 K (Spencer and Niebur, 2010).
4) In the case of the LIFE mission, the relative entry velocity of the ERC will be between 16-18
km/s. If we compared that velocity with Stardust re-entry (12.5 km/s) or Mars Sample return
(11 km/s), the heatshield needed for a sample return mission to Enceladus would experience
the highest heat fluxes ever measured (Spencer and Niebur, 2010).
5) The optimal design would be that of a blunt aeroshell (See Figure 6-7). An ablating heat shield
will be used in order to protect the samples from the extreme temperatures experienced
during the first instants of the re-entry phase.
6) Surface winds are considered as a major threat, increasing the impact velocity and resulting
in off-axis impact angles.

6.4. Planetary protection requirements
Missions, such as LIFE, bring together a large amount of unanswered questions. From a planetary
protection perspective, the possibility of forward and backward contaminations represent
extraordinary challenges. These challenges have to be faced since the conceptual mission is proposed.
In that sense, the present section underlines the major challenges and concerns arisen from the
possibility of capturing and returning samples from Enceladus’ icy jets.
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In order to develop a reliable enough, re-entry system, extraordinary precautions and improved
countermeasures have to be taken. Current strategies do not extensively cover the challenges and
risks emerged from sample return missions (Tsou et al., 2013). The following analysis need to be
brought into play for the advancement of future space exploration missions.
The evidence of salty oceans, essential chemicals, and heat fluxes below the surface of Enceladus
result in redefined planetary protection requirements. These must be fulfilled for any concept mission
to be considered. Moreover, when the objective is to bring samples back to Earth, special care has to
be taken in the containment and retrieval of these samples.
Sample return missions are considered as Category V – Restricted Earth Return within COSPAR
guidelines. Specific requirements for the LIFE mission are yet to be addressed by COSPAR and the
NASA Planetary Protection Officer. However, major concerns and requirements can be extrapolated
from current COSPAR principles (Tsou et al., 2011). The following is a summary of the most important
requirements and concerns related to sample return in the context of LIFE (Spencer and Niebur, 2010).
1. As a Category V mission, it must assure the protection of the Earth’s biosphere against
backward contamination from Enceladus material before the samples have been stored in
specially selected laboratories.
2. Most of these requirements affect the design of the ERC. The containment of the sample
within the ERC canister has to be assured in all cases (worst landing conditions).
3. Dedicated facilities will be used upon landing of the ERC. New sample receiving facilities
have to be built for early on-ground operations of full-passive capsules re-entries.
4. Special protocols are yet to be defined.
5. These facilities would have to be ready a decade before the re-entry is planned in order to
be compliant with all the regulations and certification requirements.
6. Significant increase in mission cost will be experienced for this regulations to be met. Cost
estimates from Mars Sample Return mission can be used as they faced similar requirements.
7. Orbiter sterilization is not required in avoidance of forward contamination. However, due to
the high probability that the returning spacecraft might carry particulate of Enceladus
plumes, “breaking the chain of contact” has to be assured. This means, that the spacecraft
has to be temporarily placed on an Earth impact trajectory before releasing the ERC in order
to remove any remain material deposited on its surface.
In the absence of previous missions comprising full-passive Earth re-entry, new planetary protection
requirements have to be defined. These will pave the way for future sample return missions. New
dedicated facilities and laboratories must be developed to perform early assessments on sample
status and confinement. Worst case scenarios have to be considered, and contingency procedures
have to be defined in accordance. The potential impact of such implementations in mission
performance is on today unknown. Work still needs to be done to set the basis for the future of
unmanned space exploration.
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Figure 6-8: ELF and LIFE comparison
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6.5. Cost estimates of planetary protection
This section introduces some cost estimates for implementing planetary protection in scientific
mission to Enceladus. The data that is presented in this section is taken from the NASA report
“Planetary Science Decadal Survey JPL Rapid Mission Architecture Enceladus Study Final Report”
(Spencer and Niebur, 2010). The costs were based on estimates by subject-matter experts and
represent a rough order of magnitude value only. Table 6-2 shows the estimated cost of sterilizing
hardware for a mission to Enceladus and the cost of handling a sample in a sample return mission.
Table 6-2. Estimated planetary protection costs

Estimated sterilization cost of Enceladus
orbiter

US$100M - 200M (FY2015)

Sample handling

US$200M (FY2015)

Table 6-3 shows the estimated total mission cost and the proportion of that cost that is due to
planetary protection measures such as baking hardware. The planetary protection cost is the same in
each of the mission architectures and is equal to upper limit shown in Table 6-2. The costs of
developing technologies to TRL 6 are not included in the estimates of the mission costs shown.
Table 6-3. Planetary protection cost proportion by mission architecture type

Mission architecture type

Simple orbiter with seismic
lander network

Estimated total mission
cost (US$M, FY2015)

Estimated planetary protection
costs as a proportion of
estimated total mission cost

1900

~10%

Very capable core spacecraft
with different in-situ elements
and lander (sterilization of
lander only)

2900-3100

~6-7%

Sample return concept with 2km/s sampling velocity and
temperature control for the
sample (sterilization of inside of
the collection system only)

1800

~11%

The cost of not undertaking stringent planetary protection measures can also be assessed in the case
of backwards contamination events. Backwards contamination has not occurred due to anthropogenic
means but an assessment can be made of the costs that would be incurred by an incident involving
biological terrorism, for example. Table 6-4 shows some examples of directly incurred costs from such
an incident.
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Table 6-4. Cost estimates of decontamination

Scenario

Costs

2001 anthrax incidents, US

Direct cost to US postal service of US$200M (FY2011)
+ several hundreds of millions more for decontamination. (Business
continuity costs excluded) (Franco and Bouri, 2010)
+ US$4M insurance policy post-event

Closure of major airport (e.g.
San Francisco International
Airport)

US$80M per day (assuming FY2005) (Dun et al., 2005)

1987 Cesium 137 event,
Brazil

~US$20M for clean-up of contaminated region (Dun et al., 2005)

The above information presents some costing estimates for undertaking planetary protection
measures, such as sterilization, and for decontamination and clean-up. While the cost of incorporating
planetary protection is high, the potential cost of decontamination may be much higher. Furthermore,
if another state is contaminated through the actions of a sample return mission of another state, this
may be cause for diplomatic problems.

6.6. Conclusions and recommendations
This chapter introduces two missions that are designed to investigate the icy moon Enceladus. The
first mission is the Enceladus Life Finder (ELF) which is an orbital flyby mission. The second mission is
the Life Investigations For Enceladus (LIFE) which is an orbiter, which will return a sample from the
moon’s geysers to the Earth. The mission objectives, architectures, and payloads are presented so that
the reader may establish an improved understanding of these missions. These missions provide part
of the foundation for the recommendations that are presented in Chapter 8 and 9 of this report.
The ELF mission, which is presented in Section 6.2, aims to be a relatively low-cost interplanetary
mission and to continue the measurements of the icy geysers that started with the Cassini probe. In
the case of ELF, however, higher accuracy instrumentation will provide more detailed measurements.
There are three scientific objectives of the mission which are to study whether volatiles and organics,
to characterize the internal ocean, and to measure the plume composition. A review of the mission
architecture and instrumentation leads to the first conclusion of this section:
Conclusion

6A

The ELF mission concept is technically simpler than the LIFE mission. However,
the ELF mission neither returns samples nor touches the surface and, hence,
will have a more limited capability for the analysis of the conditions on the
moon.

The LIFE mission, which is presented in Section 6.3, has a more complex architecture than the ELF
mission. Despite this, the LIFE mission aims to remain within the same cost limit. The sample return
element of this mission will allow for further scientific analysis but also introduces the requirements
for more stringent planetary protection measures. These measures will incur higher design,
72

production, assembly and transportation costs. The details of the LIFE mission lead to the following
conclusions and, further below, some recommendations that are made in response to these
conclusions.
Conclusion

6B

Due to the sample return component of the LIFE mission, it is technically more
complicated than the ELF mission. Furthermore, the sample return in LIFE
invokes stricter planetary protection controls than the ELF flyby.

6C

Planetary protection measures in the LIFE mission would add approximately
US$200M (FY2015) to the mission costs according to NASA estimates.

6D

There are restrictions on the sample mass that can be returned with the LIFE
mission concept. Ballistic re-entry becomes less practical with large samples.
Controlled re-entry and landing systems incurs higher mass and costs due to
stricter requirements on the heat-shield, parachute, and control system.

Recommendations

6A

Cooperation between agencies would allow planetary protection costs to be
shared. For example, facilities could be shared, or standards could be developed
together instead of developing independent standards in parallel.

6B

Large samples are preferable for scientific study as indicated in chapter 4. An
alternative to re-entry systems could be used and thereby avoid the technical
complexity, higher risks of backwards contamination, and the associated higher
costs of the LIFE concept. An Earth orbiting platform presents itself as an
alternative for returning samples to Earth, whereby a sample is studied in Earth
orbit.

This chapter provides a foundation for understanding two of the current missions to Enceladus. It is
also discussed how the mission architecture influences the scientific analysis that can be made as well
as the effect on planetary protection measures. Both missions can expand upon the studies that have
been made by the Cassini probe. Furthermore, the sample return element in the LIFE mission offers
the opportunity to study samples from Enceladus, but at the cost of adding technical complexity and
the risk of backwards contamination of Earth. The information here is used to support the
recommendations of this report, namely into the integration of an Earth orbiting platform for
analyzing large returned samples. Large samples are of greater interest for scientific analysis as are
more probing missions. Hence, methods of returning large samples or probing into the ice and subsurface oceans of icy moons should be considered. Chapter 7 introduces some concepts for doing
exactly this.
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7. Other mission concepts
7.1. Introduction
The previous two chapters of this report have looked at planned missions to moons of Jupiter and
proposed missions to Enceladus, a moon of Saturn. The four missions that are presented in those
chapters will provide useful scientific measurements and observations. However, the architectures of
the missions in the previous chapters limit the degree of measurements and observation that can be
undertaken. This chapter presents a set of somewhat more ambitious mission concepts that would
probe more deeply the environments of icy moons. Four alternative mission concepts are introduced:
a balloon and lake lander in Section 7.2, a drilling mission in Section 7.3, high-velocity impact concepts
in Section 7.4, and submersibles for exploring oceans in Sections 7.5. The objective of the concept, the
technology requirements to achieve the concept, and relevant concerns are summarized.

7.2. Titan Saturn System Mission
Figure 7-1: ESA montgolfière balloon and lake lander (Rah et al, 2009)

7.2.1. Objectives
The Titan Saturn System Mission, TSSM, is a NASA-ESA collaborative mission proposed to study Titan
as a system, its origins, and its astrobiological characteristics (Rah et al, 2009). During transit to Titan,
with an orbital insertion expected in 2030, the spacecraft will pass through Enceladus’ sphere of
influence and collect plume samples, whilst simultaneously collecting information on Saturn’s
magnetosphere.
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The TSSM spacecraft consists of three main systems for the exploration of Titan; an atmospheric
balloon, a lake lander, and an orbiter consisting of remote and in-situ spectrometers. Targeted for
Ligeia Mare, one of the largest methane lakes on Titan, the lake lander will be the first spacecraft to
land on an extra-terrestrial sea, and is based on the Titan Mare Explorer, TiME, proposed by the Keck
Institute of Space Studies at California Institute of Technology (Aharonson, 2010; Brown et al., 2010).
Via study of the sea’s characteristics, TiME aims to understand Titan’s methane cycle and the overall
possibility for life.
A balloon has been chosen to enable sample collection in a variety of phases throughout the methane
cycle. From sampling of volcanically released gaseous material, to cloud formations via condensation,
combined with the collection of liquid methane present in lakes from the lander, the majority of nodes
in the cycle have been covered and so a complete picture can be created and analysed. The balloon is
due for insertion at an altitude of 10 km on the first flyby of Titan and will be carried via winds. The
design of the balloon is of typical montgolfière structure, where the envelope is inflated via an
upstream of hot air, in this case provided by a Multi-Mission Radioisotope Thermoelectric Generator,
MMRTG (Rah et al, 2009).

7.2.2. Technology requirements
Throughout development of the TSSM proposal, to minimize risk, the study team focussed on design
solutions that would not require new technologies to achieve NASA’s level 1 science requirements.
However, included in the mission plan are technology options, that although having backups allowing
for mission continuation without, they are not yet fully developed and therefore have potential to
alter the overall mission scope.
The first of these is the use of the NASA Evolutionary Xenon Thruster, NEXT, a solar electric propulsion
device in development at Glenn Research Center (Shastry et al, 2013). As of April 2013, the NEXT
device has proven continual performance over 50,000 hours, using 902 kg of propellant and delivered
a total of 34.9 MNs-1. The performance of NEXT has been proven to better that of its predecessor
NSTAR in thrust, efficiency and specific impulse to name a few (Schmidt, 2008). This allows for longer
operational lifetime, as well as reducing propellant allowing for an increase in payload mass. The
requirements for NEXT use in the TSSM are minimal. They consist mostly of the redesigning of power
and signal routing components for efficiency, and more rigorous testing.
It is worth noting that in the original TSSM proposal, the Advanced Stirling Radioisotope Generator,
(ASRG), was a technology recommended in advanced stages of development. It had been chosen over
the Multi-Mission Radioisotope Thermal Generator, MMRTG, due to its increased 238Pu specific power
usage, allowing for reduced cost and mass, but mission planning had included mass and cost margins
so as to allow for MMRTG use in the case of development delays. As NASA cancelled development of
the ASRG in 2013, the MMRTG will be used.

7.2.3. Additional Concerns
Titan has been assigned COSPAR category II, indicating it is not as sensitive to planetary protection
measures compared to moons like Europa and Enceladus (COSPAR, 2011). It is for this reason that the
majority of planetary protection research undertaken is concerned with deorbit and descent position,
and water production via environmental heating from the MMRTG.
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In the case of environmental heating it has been suggested, via comparison with similar cases on Mars,
that the thermal radiation due to the MMRTG will not be sufficient to create liquid water via melting
of surface ice. Still, additional research must be done for varying scenarios, i.e. seasonal temperature
changes, varying surface chemical composition and different landing positions, to ensure there is
minimal risk.
As it is the most controlled segment, surface placement of the lander is of least concern with regards
to planetary protection, assuming all sterilisation has been carried out correctly under COSPAR
category II requirements. The most risk comes from the balloon and to some extent the orbiter, as
their descents are largely uncontrolled. Due to the varying environment of the surface of Titan, there
runs a risk of a balloon or orbiter landing in an area sensitive to outside interference, for example
cryovolcanic regions which could contain surface liquid. Via reconnaissance of surface features, the
orbiter is able to determine the location of these sensitive areas and avoid impact, either passively or
active using propulsion. The balloon, being propelled by Titan’s winds, has no method for alteration
of trajectory, and so carries with it the higher risk for substantial environmental disturbance. In a
similar way to the lake lander, the only method for limiting forward contamination is via COSPAR
sterilisation methods.
Figure 7-2: Illustration of connections between Titan’s interior, surface, atmosphere and space boundary
(Rah et al, 2009)
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7.3. Drilling missions – Enceladus Explorer (EnEx)
Figure 7-3: Enceladus Explorer spacecraft (Konstantinidis et al, 2014)

7.3.1. Objectives
The Enceladus Explorer, EnEx, is a project under development by the German Aerospace Centre, DLR,
that intends to send a spacecraft to Enceladus and deploy a lander, within which contains a
manoeuvrable subsurface ice probe, IceMole
Figure 7-4: IceMole 1 (Dachwald et al, 2014)
(Konstantinidis et al, 2014). The lander will be
positioned in an ~100 m wide canyon on the
southern part of the moon, close to one of the
active plumes (Porco et al., 2006). IceMole will then
be sent down to a depth of more than 100 m where
it will breach the wall of an aquiferous fracture, the
surface of which composes the ejection point of the
plumes, allowing for sampling of the subglacial
liquid flowing through.
IceMole has been under development since 2010,
originally due to there being a lack of
environmentally clean methods for sampling of
fragile glacial ecosystems. It works via a
combination of mechanical propulsion with thermal
heating. At the front of IceMole there is a
mechanical drill that pulls the probe forwards into
the ice, behind which there is a heated metal face.
Via differential heating of the face, melt direction,
and hence direction of motion of the probe can be
changed.
Initial testing of the first and second drill prototypes
were carried out in 2010 and 2012 respectively, at
the Morteratsch glacier in Switzerland and the
Hofsjökul glacier in Iceland (Dachwald et al, 2014).
Changes to the length of the drill, along with
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modifying the melting plate shape to a parabola, decreased the IceMole’s track curvature capabilities,
but otherwise testing confirmed reliable electronic operation.
Testing of the third and most recent revision to the IceMole series came in 2013 in
Morteratschgletscher, but most recently in November of 2014, when the EnEx IceMole was used in
the Blood Falls saltwater outflow of the Taylor Glacier in East Antarctica (DLR, 2016). This area is
analogous to the water geysers of Enceladus as the iron rich, red coloured saltwater stems from a
subglacial pool around 400m from the surface.
As this model is the base model for use in Enceladus itself, it has been modified for autonomous
obstacle avoidance, target detection and navigation. Trajectory is determined via analysis of combined
data output history from an on-board IMU and magnetometer, along with the turning of the ice screw.
For target detection and obstacle avoidance, four ultrasonic transceivers and acoustic ‘pingers’ are
used with a multi sensor data fusion system to create an environmental scenario to assist in
autonomous control. Further testing and development of the EnEx IceMole navigation system will be
conducted in the next two decades before expected launch (Konstantinidis et al, 2014).
Figure 7-5: Current EnEx IceMole Design (Konstantinidis et al, 2014)
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7.3.2. Technology requirements
The main problem for the EnEx mission is the high power requirement of the IceMole. Future fuel
availability for RTGs is uncertain, and so a nuclear reactor has been chosen as the main power source
(Konstantinidis et al, 2014). High performance fuel cells were considered, but due to their relatively
low TRL they were discounted, although developments with regards to planetary protection measures
could see them reinvestigated.
Another logistical issue for the mission is instrument selection. To ensure maximum locomotive
efficiency, IceMole’s cross sectional area must be kept at a minimum, and so there is limited space for
scientific instruments. The biological subject areas these instruments are required to observe are
molecular replication, cellularization and metabolic networks. Mass spectrometry, flow cytometry and
antibody sequencing, amongst others, are methods for observation. All of these require different
instruments and so without advances in miniaturisation or combination of instruments, trade-offs will
have to be made.
Landing accuracy is also of concern as the lander will have to navigate inside the canyon, scanning the
environment in and around the intended landing zone, with modification of the landing zone also a
possibility if the original is found to be unsuitable. If the landing zone is changed, it must not be too
close to the plumes so as to minimize contamination risk. All of this will have to be done autonomously,
so a sophisticated guidance and control landing system must be developed. There has been progress
for this type of landing system for future lunar missions, but the mass for which these have been
developed is 1500 kg, whereas the wet lander mass for the EnEx mission is approximately 2700 kg, so
further research must be done (Delaune et al, 2010).

7.3.3. Additional Concerns
One issue with regards to overall mission architecture is the end of life disposal of the orbiter. To
reduce concerns of subsurface contamination, it is recommended that the orbiter land in a more
heavily cratered area, away from the south pole, as this is known to be less geologically active (Porco
et al., 2006; Konstantinidis et al, 2014).
The South Polar topography of Enceladus, as it is of such concern for astrobiology, naturally creates
its own planetary protection issues. There has been recent debate over use of the Coleman-Sagan
equation for determining forward contamination probability, limit set by COSPAR at 1x10 -4, as it is
argued that some of the elements in the equation have been treated as independent, when they are
actually dependant variables (Belz, 2011). For example, cruise survival, which concerns both radiation
and vacuum effects during interplanetary travel, and radiation survival during orbit, are two factors
that in the original report had been deemed independent. It is impossible to determine the combined
survival rate of these two environments independently as they are due to such similar effects.
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7.4. High velocity impact missions – ESA CLEO/P
7.4.1. Objectives
The CLIPPER Europa ESA Orbiter or Penetrator, CLEO/P, is a mission concept currently being developed
by ESA, consisting of either a satellite orbiting Io or Europa, or a high velocity Europa impactor, both
to be attached as a secondary payload to NASA's Flyby mission, previously named CLIPPER. In the case
of CLEP, the proposal for the high velocity impact mission to Europa has been justified due to the
access it provides to the surface, allowing for the first time direct physical measurement of its
composition.
It has been suggested in ESA’s study report of the CLEP
mission that the key scientific objectives of the
penetrator should be astrobiology of surface and
subsurface, chemical composition, geophysics of the ice
shell encasing the theorised subsurface ocean, and
geophysical constraints on the internal structure of the
moon (ESA CDF, 2015). All of these topics are crucial to
understanding the development and sustainability of
potential biological life on the moon. The use of a high
velocity impact allows for concise analysis of surface and
subsurface structure simply due to the fact that the
measuring instruments penetrate deep into the crust.
Deep impact penetration provides substantial
advantages over rovers and legged landers for direct
sampling of the ice crust, as the high velocity impact
creates a sampling depth much greater than that of a
lander/rover, even if equipped with a drill. This large
sample depth obtained creates a volume for accurate
modelling of the ice via seismological measurements,
upon which conclusions may be drawn as to its origin,
and furthermore, the potential existence of the
subsurface ocean.

Figure 7-6: CLEP (highlighted blue), attached
to NASA Europa Flyby (ESA CDF, 2015)

High velocity impacts by their own nature put extremely high physical stresses on the spacecraft, from
frictional heating with the atmosphere, to rapid deceleration upon impact. This testing entry
environment demands solid structural and thermal engineering, but constraints also arise from the
nature of the mission itself, as sampling instrumentation is required to work externally from the
impacting penetrator and so the probe must be flexible enough to accommodate both requirements.

7.4.2. Technology requirements
For CLEP, surface ice is collected for analysis via the use of an external drill, then melted and
channelled internally to scientific instruments (ESA CDF, 2015). These scientific instruments include a
camera for mineralogy and biosignatures detection, a ‘habitability package’ containing devices that
can measure pH, reduction potential and electrical conductivity, a mass spectrometer and a
seismometer. The external drill setup requires substantial energy for operation, and so, the scientific
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instruments are being designed for minimal mass and optimum operational efficiency. Another main
issue for these instruments, and many other subsystems of the penetrator, is the extremely high
deceleration generated during impact. Sufficient structural mechanics must be developed to work
with the miniaturised instruments so that they are able to withstand such a shock.
ADCS is also affected by the high impact speed; instruments need to be highly accurate as minimal
perturbations in orbital positioning can produce large deviations in impact location. The current state
of altimeters used for orbiters have a limited measuring precision of <2km, and so these need to be
developed (ESA CDF, 2015). Another method for increasing accuracy is upgrading the orbital
navigation camera. This camera is mostly concerned with determining the diameter of Europa, and so
in conjunction with other orbital parameters, an improvement in diameter measurement leads to
better accuracy in penetrator delivery system release time.
Due to the impact at ~300 kms-1, the crater size is unknown but the penetrator is expected to travel a
minimum of 50 cm into the surface. As the surface composition is not well known, extensive terrestrial
testing and modelling of various shapes, materials, and entry profiles i.e. spin stabilisation, must be
done to ensure the penetrator behaves in a predictable manner during ascent and at impact.
Telecommunications requirements must also be included in this testing. The low gain antenna, vital
for data transmission back to Earth, must be free from any obstruction. Unknown impact crater size
could be disastrous, as the walls encompassing the impact crater could be too high. An umbilical cord
type antenna has been proposed as an alternative to the typical fixed device, which is to be deployed
at impact.
Figure 7-7: Vertical impact with ductile ice model (ESA CDF, 2015)

Figure 7-8: Oblique impact with detachable after body and brittle ice model (ESA CDF, 2015)
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Figure 7-9: Oblique spin stabilized impact with conical body (ESA CDF, 2015)

7.4.3. Additional concerns for surface penetration
The main concern for CLEP comes from contamination of the surrounding area by the penetrator itself.
If inadequate sterilisation measures have been applied, there is a possibility for transportation of
biological life from Earth to Europa. If this were to occur, any scientific measurement and analysis on
ice samples would be deemed invalid. It has been shown that there are examples of extremophiles
capable of withstanding the temperatures of atmospheric re-entry to Earth. Europa’s atmosphere is
far less dense than that of Earth, and so there will be less frictional heating resulting in a more
comfortable environment for bacteria to live (Combi, 1998). As of yet there have been no studies with
regards to Europa atmospheric re-entry (yet s one of CLEP’s primary objectives, as stated in Section
7.4.1, is analysis of the astrobiology of the surface and subsurface of Europa, forward contamination
from Earth would be almost catastrophic for the mission (Hotchin et al, 1965).
As outlined in Section 7.1.3, there are a variety of ways being developed to tackle forward
contamination. As the CLEP mission is far more disruptive to its sampling environment than more
traditional “soft” landers, it can be argued that there is greater chance for contamination. For this
reason, dry heat and/or chemical sterilisation is highly recommended for sample extraction, whilst
still retaining and developing the strictest sterilisation protocol during the build, test, and integration
phases of the mission.

7.5. Submersible missions
Robots often prove to be very useful for exploration of places where humans cannot yet go. There are
two main subcategories of unmanned submersibles, majorly distinguished by the way that they
function (Jonsson, 2012).



AUVs: Autonomous Underwater Vehicles
ROVs: Remotely Operated Vehicles

AUVs are either preprogrammed are commonly preprogrammed or logic-driven. ROVs on the other
hand are controlled directly by an operator (Jonsson, 2012).
The use of robots for extraterrestrial exploration is not straightforward. Especially operation under
extreme conditions, like we the ones it is expected they will be exposed to on the moons of Jupiter
and Saturn, pose many different challenges. The most important constraints, which all need to be
minimized as much as possible, for planetary robots are (EXTREME ROBOTS: Outer limits, 2009):
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Volume
Mass
Power consumption
Ground-based interaction

Particularly the interaction between the control center on Earth and the robot would cause problems
for submersibles on a Jovian or Saturnian moon, because of the large communication distance, the
periods of time where the moon (and thus the robot) will be shaded from Earth, and, finally, difficulties
communicating up through the fluid ocean and possibly tens of kilometers of ice (in the case of
Jupiter’s moon Europa). For this reason, a submersible sent to explore the oceans of outer moons will
need to be made as autonomous as possible; thereby giving it the ability to make individual decisions
based on a simple order from Earth but adjusted to the conditions it encounters (EXTREME ROBOTS:
Outer limits, 2009). Usually, autonomous robots have the ability to move autonomously, unmanned
and unconnected, but not the ability to think autonomously, and thus make decisions and change
behavior based on an interpretation of their surroundings, keeping the aim of the mission in mind
(Lippsett, 2010).

7.5.1. Sentry
Sentry is a submersible that was tested for the first time in 2010 off the coast of California. It is a robot
with the ability to perform dynamic re-tasking so as to execute non-deterministic missions. It can
change its preprogrammed and operating mode, if its underwater mass-spectrometer detects and
identifies chemicals that Sentry by analysis evaluates to be relevant for its mission (Lippsett, 2010).
This kind of autonomy is, as discussed above, valuable and highly necessary for potential future robots
going to moons such as Europa or Titan.
Figure 7-10: The Sentry Submersible (Lippsett, 2010)
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7.5.2. DADU
Deeper Access, Deeper Understanding (DADU) is a tiny (20 cm long; diameter 5 cm) submersible
envisioned by Jonas Jonsson, a Swedish engineer now working with Stinger Ghaffarian Technologies
at NASA Ames, in his PhD thesis. The submersible would be neutrally buoyant in water and move
around by the use of eight small thrusters giving it five degrees of freedom. It would gather video and
determine distances, shapes and sizes of its surroundings by the use of a forward-looking camera with
a laser attached. Furthermore, it would carry sensors measuring conductivity, temperature, and depth
of water. It would get its power from rechargeable battery packs and, like the cryobot VALKYRIE
described in Section 7.6.1, a fiber optic tether connected to a station located on the surface of the ice
(Hsu, 2013; Jonsson, 2012).
Figure 7-11: View of the DADU submersible, divided into three main sections: the bow, corpus, and stern
assembly (Jonsson, 2012)

Figure 7-12: Model of the DADU submersible (Jonsson, 2012)
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7.6. Europa
As it has earlier been described in Chapter 3, Jupiter’s moon Europa is most likely covered in an ice
sheet of up to 20 or 30 km ( Rosen, 2014; Cooper, 2015) with an ocean underneath. If a submersible
is sent to explore this ocean, the ice sheet possesses will be a great challenge. At the moment it is
debated what the best approach for passing through it is, and whether we have the necessary
technology to overcome this task whatsoever.
Two solutions are presented for tunneling the submersible through the ice: a cryobot and an advanced
drill (Cooper, 2015). Both solutions are known to presently work on Earth, but the question is whether
it is possible to build them effectively enough for the much thicker ice on Europa, while at the same
time limiting both their mass, size and power consumption enough to get them to Europa.

7.6.1. Cryobots
The major challenges a cryobot will face, once it has started its descent into the ice, are (Cooper,
2015):
1. Maintaining communication through the ice with an orbiter or directly to Earth
2. Withstanding the major pressure underneath the ice
VALKYRIE (Very deep Autonomous Laser-powered Kilowatt-class Yo-yoing Robotic Ice Explorer) is a
cryobot that melts its way through the ice by using lasers and fiber optics. VALKYRIE leaves its power
source (most likely some sort of nuclear reactor) on the surface, and then transmits energy via laser
to the robot through an optical fiber. The same fiber is used for communication, while the robot uses
the energy to heat water with which it melts ice in front of it, by shooting streams of heated water
from five jets arranged in a domed head (Rosen, 2014; Cooper, 2015). The optical fiber will be coiled
within an aluminum frame, while the hindmost side of the cryobot is encapsulated in ice once the
water re-freezes, thus not affecting either the transfer of energy nor communication.
The cryobot has not yet been constructed with a power that would make it possible for it to melt its
way through the ice on Europa, but Bill Stone, the man behind it, says that this is only a question of
money (Cooper, 2015; Rosen, 2014). Figure 7-13 shows an artist’s impression of the cryobot. In the
background can be see a torpedo-shaped cryobot having penetrated the ice cap.
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Figure 7-13: An artist’s impression of a submersible exploring the ocean bottom (Cooper, 2015).

7.6.2. Drills
A drill able to breach the ice sheet of Europa will need to be very different from what we use on Earth,
as it needs to be both simpler and more reliable. Furthermore, like the cryobot, it needs to be light
enough to get there and autonomous so that, it is as independent on communication with Earth as it
can be. However, there is a chance that the drill will demand less power than the cryobot (Rosen,
2014).
Honeybee Robotics and JPL have together come up with a proposal for a wireline drill called AutoGopher, which is a 2-meter-long tube hanging from a wire tether, like at the end of a fishing rod. The
idea is that the drill would dangle from the tether, resting on the surface of Europa, and then be
lowered down gnawing its way through the ice with eight sharp pointed teeth, made out of tungsten
carbide, mounted on a rotary system.
The plan is that cuttings of rock or ice will be shuttled to a container inside the tube. These can then
possibly be used to retrieve additional data on the ice along the way down.
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7.7. The Titan submersible
The case of Titan is different than that of Europa. There is no ice cover covering the entire surface.
Instead, the oceans have been confirmed to consist of liquid hydrocarbons at a temperature of ~93 K
(Oleson et al., 2015).
Every year the NASA Innovative Advanced Concepts (NIAC) program announce a number of winners
of the yearly competition on proposals over visionary ideas for space technology or missions that can
provide significant advances in the next few decades. The winners get funding for a nine-month study
effort. In 2014 one of the 12 winning teams proposed creating a conceptual design for an autonomous
submersible to explore the liquid hydrocarbon seas of Titan (Oleson et al., 2015; Hall, 2015).
It was; through the nine-month study effort; found that a submersible platform could prove
interesting, as it most likely would be able to perform extensive science both above and below the
surface of the Kraken Mare.
When under the surface it would use sonar to perform mapping, and it would use imaging and
spectroscopy at all depths. It would sample both the sea bottom and the shoreline. Above the surface
it would sense weather conditions and image the shoreline. Investigations both above and below the
ocean surface are essential for understanding the hydrological cycle of Titan, as well as gathering hints
on how life began on Earth (Oleson et al., 2015).
The design of a Titan submersible pose challenges different than the ones known for submarine design
on Earth. For instance, liquid ethane has a density of ~60% of that of water, and the gravity of Titan
is about 1/5 of that of Earth meaning that, even at a maximum depth of 1,000 m the pressure endured
by a Titan submersible would only reach 1/10 of that a submarine on Earth would endure at the same
depth. On the other hand this means that the submersible need a lower average density for it to be
able to maintain positive and neutral buoyancy in the Titan ocean (Oleson et al., 2015). Another crucial
challenge is the low temperature the submersible will be exposed to on Titan. The group solved this
by proposing an isotope power system (SRGs), which would not only produce enough power but also
plenty of waste heat, which could be used to keep internal components at room temperature. It would
further use external, closed Ne ballast tanks for submerging and hovering.
All in all, the final design proposed a submersible with a length of 6 meters and a diameter of the
pressure vessel of 0.63 m, carrying a mass of about 1,386 kg.
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Figure 7-14: Titan Submersible External Components (Oleson et al., 2015)

Figure 7-15: Titan Submersible Internal Components (Oleson et al., 2015)

7.8. Conclusions and recommendations
A series of mission concepts are presented in this chapter. The missions are of interest because they
provide alternative approaches to continuing studies of icy moons in the Solar System. The mission
background, the general mission architecture, technology requirements, and risks are introduced
throughout the chapter so that the reader may obtain a fuller understanding of the concepts. It is
explained that orbiters must be de-orbited at the end of the mission and that they might contaminate
the surface on landing. Drilling rigs and high-velocity impact mission directly contact the surface
throughout the mission and, therefore, pose a risk of contamination. It is noted that contamination
around a drill by bacteria from Earth would lead to invalid scientific results. Submersibles pose one of
the greatest risks of contamination due to their direct contact with liquid water, a key biomarker.
These points lead to the first conclusion of this chapter:
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Conclusion

7A

Orbiters, landers, drilling rigs, high-velocity impact missions, and submarines all
require adherence to planetary protection guidelines due to their contact with
environments that can harbour life.

Following the above conclusion, it can be understood that sterilization is required for all of the
missions that are presented here, even for orbiters. Sterilization incurs costs at the design, testing,
and transportation phases of the mission. Furthermore, appropriate equipment and facilities are
required to sterilize the probes and this becomes increasingly difficult with size. Hence, the second
conclusion is as follows:

Conclusion

7B

Planetary protection is difficult to fulfil for large landers, drilling rigs, impact
missions, and, in particular, submarines because large scale heating chambers
and highly sterile assembly areas are needed. These requirements may incur
the estimated US$200 (FY2015) cost, or higher, that is given in Section 6.5.

Despite the engineering challenges that are associated with the concepts in this chapter, each concept
presents a method, with which more detailed and accurate scientific analysis can be achieved. This is
a key point in stating the final conclusion of this section and deriving recommendations, both of which
are given below:
Conclusion

7C

The mission concepts that are presented here can collect large samples, probe
deeply into surface or subsurface regions, or explore oceans. All concepts
provide more opportunity for analysis and, hence, are of interest to the
scientific community.

Recommendations

7A

Focus should be made on missions that provide large sample analysis, such as
drilling missions, or on missions that probe the surface or sub-surface oceans,
such as the high-velocity impact and submarine concepts.

7B

Technology developments should be made to support the mission concepts and
maintain sufficient levels of planetary protection.

This chapter presents alternatives methods of studying icy moons and gaining a more detailed and
accurate understanding of them. Several conclusions can be drawn from these missions, as stated
above. From the conclusions it is recommended that a focus should be placed on these concepts so
that better analysis can be made. To support the development and operation of these mission
concepts, certain technologies will be necessary and must be developed. Various supporting
technologies are investigated in the next chapter, Chapter 8, where details of the NASA technology
roadmap are provided and an analysis of the priority of the technologies with respect to planetary
protection is made.
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8. Technology roadmap analysis
8.1. Introduction to the NASA Technology Roadmap
NASA published a technology roadmap in 2015 that it had been developing for several years, and
which in fact updated the 2012 roadmap. In this chapter we will analyze the roadmap, to find the
technologies applicable to interplanetary exploration missions, and assess each technology for its
impact on planetary protection. The goal will be to prioritize the technologies by their importance to
planetary protection, and to provide funding priority when NASA next reviews their investment
strategy.
NASA has used a categorization of 15 technology areas (TAs); from which we have selected
technologies from the six TAs listed below for discussion. In addition, we have analyzed technologies
that will form a cornerstone of the SEDNA project, discussed fully in Chapter 9. The technology areas
investigated in this chapter, then, include (Hall, 2015):







TA3 – space power and energy storage
TA8 – science instruments
TA9 – entry, descent, landing systems
TA12 – materials, structures, mechanical systems
TA14 – thermal management systems
TA7 – human exploration systems, focusing on technologies relevant for in-orbit
sample containment and investigation

The following methodology is used:
1. Identification of the timeline planning for upcoming mission programs, including
Discovery and New Frontiers. These programs have been marked on the timeline,
even though mission selection has not yet been made from the candidate proposals.
2. Identification of the technologies already identified by NASA as important for the
upcoming Discovery and New Frontiers missions. In addition, we have identified
technologies outside the interplanetary science mission programs, that we believe
should be considered for planetary protection mission architectures. These
technologies include human systems that could be used for in-space sample collection
and investigation, and in Earth sample return missions.
3. Evaluation of the technologies based on their relevance to the proposed mission
architectures discussed in Chapter 6 of this report, the ELF and LIFE missions, as well
as to the various mission concepts discussed in Chapter 7.
4. Scoring of each technology from -5 to +5, based on their impact on planetary
protection for these missions:
 +5 would mean the technology would greatly benefit or simplify planetary
protection planning, or reduce the probability of contamination, which may
in turn decrease cost or implementation time for planetary protection
measures in these missions.
 -5 would mean that the technology would demand increased planetary
protection planning or mitigation measures, increasing either cost, time or
risk on these missions.
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In the following sections, the reference numbers used for each technology refer to the identification
number from the NASA roadmap. The first number in the reference refers to the TA area, the rest of
the digits in the reference number enable lookup in the NASA Technology Roadmap documentation
(Hall, 2015).
Before addressing the technologies themselves, however, we will first discuss how technology
investment decisions are made.

8.2. NASA budget strategy for technology development
The NASA Office of Chief Technologist (OCT) provides the strategy and coordination that guides
NASA's technology and innovation activities. One of NASA’s primary goals is strategic technology
integration among NASA institutions, which involves developing policy, requirements, and strategy for
NASA’s technology development activities by the Chief Technologist, in coordination with NASA
mission directorates, other government agencies, and external organizations. As part of these efforts,
the OCT develops the NASA Space Technology Roadmaps and the NASA Strategic Space Technology
Investment Plan, and maintains the TechPort database (Hall, 2015).
The relationship among NASA Technology Roadmap, NASA Strategic Space Technology Investment
Plan and TechPort database is as follows:




The Technology Roadmaps guide the development of space technologies.
The investment decisions for the technologies in the roadmap are specified in the
Strategic Technology Investment Plan.
NASA’s technology investments entered into TechPort, an online database and
decision tool, for tracking and analysis.

The OCT released the draft Technology Roadmaps for public review and comment, the 2015 NASA
Technology Roadmaps expand and update the original 2012 roadmaps. The 2015 roadmap will be
instrumental for the FY 2016 update of NASA's Strategic Technology Investment Plan (STIP), which will
specify the prioritization of investments in technology development.
Table 8-1: NASA technology budget 2017-2021

Budget Authority
(in US$ millions)

Actual
FY2015

Agency Technology and
Innovation

Enacted Request
FY2016

Notional

FY2017 FY2018 FY2019 FY2020

FY2021

31,3

34,3

35,0

35,7

36,4

37,1

SBIR and STTR

190,7

213,0

213,2

213,5

213,8

213,8

Space Technology Research
and Development

378,3

579,4

456,2

469,3

482,7

496,6

Total Budget

600,3

826,7

704,4

718,5

732,9

747,5

686,5

In NASA budget for technology development, there are three programs (NASA, 2016):
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Agency Technology and Innovation: This program supports the Office of the Chief
Technologist (OCT), which provides the strategy, leadership, and coordination that
guide NASA’s technology and innovation activities.
SBIR and STTR: Small Business Innovation Research (SBIR) and Small Business
Technology Transfer (STTR) support primary research and mid-TRL development, by
awarding contracts to small businesses. This provides the high-technology small
business sector with opportunities to develop space technology for NASA, and then
to commercialize those technologies for the general public.
Space Technology Research and Development: The Space Technology Research and
Development program develops and demonstrates near- and long-term technologies,
focusing on increasing capability, affordability, and reliability. Through this program,
NASA develops transformative, broadly applicable technologies for future science and
exploration missions.

From this look at NASA’s budget for technology development, we can see that the OCT is responsible
for coordinating technology development programs across NASA, and for setting budgetary priorities
for this development. We do not know what priority is given to planetary protection in this budget
allocation, and since the technologies are not assessed for their planetary protection advantages or
disadvantages, NASA might not know this either (as it is not explicitly tracked by KPIs). Since the
Technology Roadmap itself has no costing or budgeting, we can see that the OCT gives no guarantee
that all the technologies in the roadmap will be fully-funded through to final development. In fact,
costing for technology development cannot be called an exact science, since it is extremely difficult to
predict costs for technologies that are not completely understood or characterized (NASA, 2016).
In the next sections, we will analyze the technologies in the Technology Roadmap that are relevant
for planetary protection.

8.3. NASA TA3 – space power and energy storage
NASA Technology Area #3 is a grouping of space power and energy storage technologies under
development for various space missions. In this section, we have selected these technologies: solar
cell improvements, radiation shielding, ion propulsion, RTGs, and high power electronics. This section
will discuss all the technologies grouped together in TA3, including the related technology of
photovoltaic materials from TA12. The reference numbers in this section provide reference to the
technologies list in Table 8-2 and Figure 8-1, below.
Current photovoltaic cells (reference number 12.4.3.1) used by spacecraft have an efficiency of around
29.5% (NASA, 2015a). NASA wishes to increase this efficiency to 35% by 2020. There are two main
reasons for developing more efficient solar array structures and materials for missions to the icy
moons; to cope with increasing power demands from propulsion, and to deal with the low solar energy
flux due to the increased distance from the Sun.
Solar Electric Propulsion, like the NEXT system, although more efficient than its predecessor NSTAR,
promotes the design of more complex and venturesome missions which draw more power from the
solar arrays of the spacecraft. (ref. 3.1.3.2). For this reason, deployable structures must be developed
that can house more photovoltaic cells. The highest power generated thus far for interplanetary
missions is around 1.5kWe, achieved by the low intensity, low temperature cells on the Rosetta-Philae
probe (Ulamec et al., 2015). NASA plans on developing solar array structures that are able to generate
up to 250kWe of power by 2020 (NASA, 2015a).
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Along with the generation of power, radiation shielding (ref. 3.1.3.7) is also a vital concern.
Interplanetary missions must leave Earth orbit and travel through the Van Allen belt, oftentimes more
than once. Accompanying this, is the possibility that, depending on spacecraft structure, that the
photovoltaic cells are directly exposed to the highly energetic exhaust plasma of the propulsion system
that they are propelling. Applying these two factors across the long lifetime of missions to icy moons,
it is obvious that the photovoltaic cells must be integrated into a highly robust protective system not
only from a mission success point of view, but also planetary protection due to safe operation of
spacecraft subsystems. There must be minimal risk of malfunction during encounter with the moons,
so as to limit the possibility of contamination via uncontrolled collisions.
One major enhancing form of propulsion in development is full size ion propulsion, specifically NASA’s
Evolutionary Xenon Thruster, NEXT (NASA, 2015a) (ref. 2.2.1.1). Propulsion systems such as NEXT
produce a very high ΔV with low mass and crucially high efficiency, up to 69% at 6.9 kW, and a long
lifetime (Schmidt, 2008). High efficiency propulsion is especially useful for sample return missions such
as LIFE and TSR, as they require very high ΔV to reach, have a long lifetime due to the return journey
to Earth, and, more so for TSR, they will have large payloads and so mass needs to be kept as low as
possible (Rah et al, 2009). For use in missions to the icy moons, power of 20-100 kW is sought with
similar efficiencies. The NASA Solar Technology Application Readiness, NSTAR, a precursor to NEXT,
has already been flown in space on the Dawn spacecraft achieving 55% efficiency at 2.3 kW.
Deep space science missions are the main driver for the development of advanced RTGs (refs. 3.1.4.13.1.4.5). Power and efficiency of RTGs can be improved by advanced thermoelectrics or via Stirling
engines. Although both methods have similar power outputs, Stirling engines produce less waste heat
than thermoelectrics, and so would be better suited to missions where minimal environmental
disturbance due to temperature change is of major concern, for example CLEP. Subsurface probes are
also able to benefit greatly from the development of miniature RTGs. Development of megawatt-class
RTGs would allow subsurface probes, for example the Europa and Titan submarines as well as
iterations of the EnEx IcMole, to be self-sufficient and not rely on batteries or tether to their lander
counterpart. Efficient use of 238Pu is the main driver for research, as availability is uncertain.
Small nuclear fission systems have the capability to replace RTG power generation of the same power
output (refs. 3.1.5.1, 3.1.5.2). The technologies, materials, and fuels needed to create stable in-space
fissions systems of <10 kWe power output exist today. The challenge for development to create such
a system comes with integrating all separate components together in a safe way.
Although these methods of power generation provide a well needed boost in mission capability, both
in scope for science measurements and providing power for more complex mission architecture, they
carry with them a considerable risk of forward contamination. If such devices are to be carried inside
subsurface drills or even landed on a surface, then containment measures, more ideally prevention
measures, are required to minimize the contamination risk.
A major issue that comes with the use of high power electronics in the volatile environments of
interplanetary space is the distribution and transmission of such power. There are no components
certified for use in extreme temperature ranges, and so the majority of power distribution relies on
external thermal management systems for local environmental conditioning (NASA, 2015a). It is for
this reason that it is necessary that semiconductors able to withstand extreme radiation are developed
in conjunction with a radiation hardened power distribution unit. A similar argument to that for 3.1.3.7
is applied here. Faults in electronic components can be catastrophic for missions. Incorrect signals
sent and/or received can cause spacecraft to behave in an unpredictable manner. If occurring close to
a planetary protection sensitive moon, can pose a great risk for contamination if for example flight
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dynamics are affected, or if a malfunction occurs during in-situ sample collection when there is
possibility for exposure to damaging spacecraft components.
Table 8-2 summarizes the technologies discussed in this section, and shows the planetary protection
score (PP Score) we have assigned on the basis of the discussion. The power generation technologies
generally increase the probabilities of forward contamination, since the radioactivity may harm any
life forms present on the surface, and will require additional protection or shielding measures.
Following similar logic, radiation tolerant equipment and technologies would be more reliable,
decreasing the chances of malfunctions that for example may impact flight dynamics and lead to
crashing and contaminating areas, or just unpredictable faults that lead to a loss of control.

TA

Technology

Launch

2.2.1.1

TA2

Ion Thrusters

5

6

0

2020

2028

3.1.3.1

TA3

25-150 kWe-class Solar Array Structures

5

6

0

2017

2020

3.1.3.2

TA3

250kWe Solar Array

5

6

0

2020

2023

3.1.3.7

TA3

Low-Intensity, Low-Temperature (LILT)
Radiation Tolerant Photovoltaic Blankets

2

6

2

2020

2023

3.1.4.1

TA3

Enhanced Multi-Mission Radioisotope
Thermoelectric Generator (eMMRTG-100)

5

6

-2

2019

2022

3.1.4.2

TA3

Advanced Stirling Radioisotope Generator
(ASRG-100)

3

6

-2

2016

2022

3.1.4.3

TA3

High-Power Advanced Radioisotope
Thermoelectric Generator (ARTG-500)

3

6

-2

2016

2022

3.1.4.4

TA3

High Power Stirling Radioisotope Generator
(ASRG-500)

3

6

-2

2016

2022

3.1.4.5

TA3

mW-class Radioisotope Thermoelectric
Generators (mW RTG)

3

6

-3

2016

2022

3.1.5.1

TA3

1-4 kWe Thermoelectric Fission Power
System

3

6

-2

2019

2022

3.1.5.2

TA3

1-10 kWe Stirling Fission Power System

3

6

-2

2019

2022

3.3.3.6

TA3

Extreme Radiation-Hardened Power
Distribution

3

6

3

2019

2022

12.4.3.1

TA12

35% efficiency Photovoltaic Solar Cell
Manufacturing

6

9

0

2020

2023

PP Score

Final TRL

Initial TRL

Ref.

Req. date

Table 8-2: Space Power and Energy Storage Requirements

The following figure, Figure 8-1, is a graphical representation of the roadmap for Space Power and
Energy Storage. The technologies are ordered from top to bottom by highest starting TRL to lowest
TRL.
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Figure 8-1: Space Power and Energy Storage Roadmap

8.4. NASA TA8 – science instruments
NASA Technology Area #8 is a grouping of science instruments under development for various space
missions. Undeniably the most important aspect of astrobiology missions to the icy moons is the
science undertaken on the environment once there. It is for this reason that the instruments designed
for scientific use are of the highest quality. The different environments of the icy moons also require
that instrument development be mission specific, as there is too much variation to allow for adequate
all round optimization. The reference numbers in this section provide reference to the technologies
list in Table 8-3 and Figure 8-2, below.
Particle detectors (refs. 8.3.1.1, 8.3.1.5) measure incoming radiation from highly energetic particles
stemming from the solar wind and cosmic radiation which, if of high enough concentration, can have
a negative effect on habitability as well as modify spacecraft operations, a concern when operating in
such contamination sensitive environments. Contrary to this, magnetic fields such as those of
Ganymede’s magnetosphere can shield the planets from these harmful radiations, and so field
detectors are also a useful tool for analysis.
Developments in laser imaging techniques (ref. 8.1.5.10) have allowed for the creation of LIDAR
instruments able to detect and analyze a range of gaseous substances to a very high precision. For
astrobiology this is a huge step in the ability to understand planetary ecosystems, as concentrations
of biosignatures like CH4 and O3 can be understood to signify the presence of life. This also advances
contamination control with regards to planetary protection, as it allows for less intrusion into distant
sample material and so interferes less with the natural environments.
In-situ sample analysis is another area that benefits greatly from instrument development. Mission
specific technology development requirements are most prevalent here. State of the art technology
is defined by current Mars rover instruments, which have many restrictions and would not be suitable
for the majority of the missions previously discussed. Most alien to current sample collection is the
Titan lake lander (ref. 8.3.3.2), which would be required to collect cryogenic liquid for sample within
the lander. Methods for wet sample analysis must be developed, with the most efficient proposal
being a ‘lab on a chip’, a device capable of ingesting both inorganic and organic compounds for
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automatic analysis (refs. 8.3.3.6, 8.3.3.7). These sample collection methods are a great advance for
science, but they bring with them the inevitable possibility for forward contamination of the lake,
simply by creating a platform by which in-situ sample collection can be done.
Along with this, more sensitive mass spectrometers (ref. 8.3.3.4) are required, which are expected to
increase count rate from 10 to 100 MHz. Further developments in mass spectroscopy will allow for
better understanding and analysis of samples, for example improvements in micro X-ray fluorescence
spectroscopy (ref. 8.3.3.5) which would provide a very small spatial resolution. Use of this type of
spectroscopy would require additional research into low power, efficient compact x-ray sources. In
addition to increased sensitivity, miniaturization of mass spectrometers (ref. 10.4.3.1) is of vital
importance, especially for the EnEx IceMole which is planned to contain a mass spectrometer within
its housing (Dachwald et al, 2014). Not only does this allow for in situ analysis of ice samples, but its
development has an overall positive effect for other icy moon missions due to its decreased mass and
size, as well as for planetary protection as in-situ sample analysis overcomes the need for sample
return back to the host spacecraft, a risky maneuver with possibility for cross contamination (NASA,
2015c).
Understanding the geological processes that formed planetary bodies is crucial in understanding their
habitability. Advanced seismometers (ref. 8.3.3.9) will be able to precisely measure internal activity,
which along with RADAR imagery, will allow for physical profiles to be created.
Finally, with regards to remote sensing operations, orbital stages of missions to the icy moons require
high resolution, high speed, low noise and low power consumption detectors. Recent developments
in Microwave Kinetic Inductance Detectors, MKIDs, (ref. 8.1.1.13) for low background astrophysical
measurements, has spurred research into their use for planetary body observation due to their
revolutionary efficiency and minimal noise (Dodkins, 2015; Griffin et al, 2015). Although only required
by NASA for use in UV, visible and IR astrophysical missions launching in 2035, spaceKIDS, a subset of
MKIDs developed specifically for space and remote observation, could see MKIDs developed for use
in interplanetary missions simultaneously, which would increase scientific potential significantly
(NASA, 2015c). Developments in this kind of detector could also be of benefit to flyby and orbital
missions where interaction with atmosphere should be kept at a minimum. The more sensitive array
would allow for a flyby perigee or orbit radius further from the planet, so as to less disturb the
atmosphere.
Table 8-3 summarizes the technologies discussed in this section, and shows the planetary protection
score (PP Score) we have assigned on the basis of the discussion. Most of the remote instruments
have been given positive scores, as they enable additional science achievements without direct
contact with the target material, thus creating less contact or intrusion in the environment. Methods
for wet sample collection, on the other hand, add complexity to planetary protection requirements,
and may require extreme sterilization methods like dry heat microbial reduction in order to implement.
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Technology

Launch

8.1.1.4

TA8

High Resolution Submillimeter-Wave
Milti Pixel Array Spectrometer

0

4

0

2020

2023

8.1.5.8

TA8

Pulsed Tunable Near Infrared/Infrared
Las (Gas Detection)

4

6

3

2020

2023

8.1.5.9

TA8

Continuous Wave Tunable Near
Infrared/Infrared for Gas Detection –
“In-situ laser source for gas detection
and characterization”

4

6

3

2020

2023

8.3.1.1

TA8

Energetic Particle Detector (> 30 keV –
Several GeV)

4

6

2

2017

8.3.1.5

TA8

Fast (Energetic) Neutron Detector

4

6

2

2017

8.3.3.2

TA8

Titan Surface and Lake Cryogenic
Sampling Mechanical System

4

6

0

2020

2023

8.3.3.4

TA8

Advanced Mass Spectrometer for UltraSensitive Organic Material
Characterization

5

6

0

2019

2022

8.3.3.5

TA8

Compact X-ray Source Miniature highvoltage power supply and X-ray tube for
X-ray instrumentation

4

5

0

2020

2022

8.3.3.6

TA8

Wet Chemistry Technologies for Life
Detection

3

5

-3

2020

2023

8.3.3.7

TA8

Wet Chemistry Lab-on-a-Chip Analyzer

3

5

-3

2019

2023

8.3.3.8

TA8

Advanced In-Situ Dating and Exposure
Age Instruments

3

6

2

2017

2020

8.3.3.9

TA8

High Sensitivity, Wide Temperature
Range Seismometer

0

3

0

2016

2022

10.4.3.1

TA10

Miniature Mass Spectrometer

3

6

2

2019

2022

8.1.1.13

TA8

Microwave Kinetic Inductance Detector

4

6

3

2020

8.1.5.10

TA8

1.65 µm Pulsed Light Detection and
Ranging (LIDAR) for methane sensing

4

6

3

2020

PP score

TA

Final TRL

Ref.

Req. date

Initial TRL

Table 8-3: Science Instrument Requirements

2023
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The following figure, Figure 8-2, is a graphical representation of the roadmap for Science Instruments.
The technologies are ordered from top to bottom by highest starting TRL to lowest TRL.
Figure 8-2: Science Instruments Roadmap

8.5. NASA TA9 – entry, descent and landing systems
NASA Technology Area #9 is a grouping of technologies under development to improve entry, descent
and landing systems. In this section, we have selected technologies that aid thermal protection on
entry, as well as systems that improve reliability and accuracy of descent and landing, primarily
sensors and autonomous landing systems. These systems can greatly benefit planetary protection,
since pinpoint landings would help our missions avoid sensitive areas on the surface, which greatly
reduces contamination probability. Technologies in this section, therefore, generally have high PP
scores. The reference numbers in this section provide reference to the technologies list in Table 8-4
and Figure 8-3, below.
For missions that have high speed atmospheric entry such as CLEP and TSR, ablative materials (ref.
9.1.1.1, 9.1.1.2) must be developed that are capable of shielding internal spacecraft components from
frictional heating. This has relevance for the atmospheric entry stage with regards to forward
contamination, as well as for backwards contamination during Earth entry sample return. Any breach
in the thermal shielding could allow for the breakup of spacecraft in the atmosphere, with the
possibility of fragments surviving and contaminating the surface.
During entry, descent and landing, knowledge of spacecraft dynamics as well as landing area
characteristics are extremely important. Advances in sensor ability (refs. 9.2.7.1-9.2.7.3, 9.2.8.19.2.8.5) to perform high rate and high accuracy measurements is vital to the success of spacecraft
landing in unknown environments. This type of technology development is relevant to all missions
discussed in Chapter 7: TSSM, Titan Sample Return, the Enceladus Explorer, and for CLEP due to the
altitude accuracy of the orbiter playing a vital role in penetrator landing position. Sensor technology
already available needs to be further tested for space applications, for example LIDAR, or needs more
development with regards to performance, for example accuracy, power consumption, and mass.
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Building upon the advances in sensor capability is autonomous targeting. Using sensor data of
proposed landing area terrain, autonomous targeting uses advanced algorithms to provide a
continuously updated terminal descent path. Again, the landing missions discussed in chapter 7 are
all highly dependent on a reliable and accurate autonomous targeting system, for use in both hazard
avoidance and accurate surface placement. Although important for all landing missions, this is
especially relevant for the Enceladus Explorer mission, as its landing profile consists of navigating into
a <100 m wide canyon, form which the IceMole needs to be within operating distance from the chosen
aquiferous fracture (Konstantinidis, 2013). If the spacecraft were to collide with surface features
unintentionally and be rendered inoperable, scenarios such as this not only pose a risk to mission’s
success from a scientific data collection point of view, but due to potential environmental disturbance
from sensitive components such as an MMRTG, planetary protection is also a main concern.
The balloon proposed for the TSSM mission is majorly dependent on sensor systems. In the same way
that the EnEx lander is sensitive to its environment, the possible use of an RTG to power gas pressure
inside the balloon causes contamination concern as the balloon is largely moved by Titans winds.
Reliable communication between terrain mapping, altimetry, wind speed measurements and selflocation measurements with balloon gas pressure, the driver for altitude change, is of vital importance.
Advances in dexterity of measurement of these variables, along with similar others, will allow for an
overall safer mission dynamic.
Table 8-4 summarizes the technologies discussed in this section, and shows the planetary protection
score (PP Score) we have assigned on the basis of the discussion. As mentioned, these systems all
receive fairly high scores, since precision flight dynamics and landing increase the control we have
over targeting planetary regions, reducing the probability of failure or crashing in a sensitive region.

Technology

Launch

9.1.1.1

TA9

Extreme Environment Ablative Thermal
Protection System (TPS)

4

6

5

2020

2023

9.1.1.2

TA9

High-Reliability Thermal Protection
System (TPS)

5

6

5

2020

2023

9.2.7.1

TA9

Advanced Sensors for Spacecraft
Velocimetry and Altimetry

5

9

4

2021

2023

9.2.7.2

TA9

Advanced Sensors for Real-Time ThreeDimensional (3D) Terrain Mapping

5

9

4

2021

2029

9.2.7.3

TA9

Advanced Sensors for Terrain Imaging
and Surface and Subsurface
Characterization

1

4

3

2017

9.2.8.1

TA9

Terrain/Map Absolute Localization

5

6

4

2016

9.2.8.2

TA9

Terrain/Terrain Relative Location

5

6

4

2016

PP score

TA

Final TRL

Ref.

Req. date

Initial TRL

Table 8-4: Descent, Entry & Landing Requirements
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Autonomous Digital Elevation Map
Generation

5

6

4

2016

9.2.8.4

TA9

Autonomous Hazard Detection and
Avoidance

5

6

5

2020

9.2.8.5

TA9

Autonomous Science Target Acquisition

2

6

2

2016

9.2.8.7

TA9

Onboard Dedicated Computer Elements
upgrade

9

9

2

2016

Launch

TA9

Req. date

9.2.8.3

PP score

Technology

Final TRL

TA

Initial TRL

Ref.

2022

The following figure, Figure 8-3, is a graphical representation of the roadmap for Descent, Entry and
Landing systems. The technologies are ordered from top to bottom by highest starting TRL to lowest
TRL.
Figure 8-3: Descent, Entry & Landing Roadmap

8.6. NASA TA14 – thermal management systems
NASA Technology Area #14 is a grouping of technologies under development to thermal management
systems. The reference numbers in this section provide reference to the technologies list in Table 8-5
and Figure 8-4, below.
Cryogenic fuel containment is a major issue due to high sensitivity to thermal fluctuations. Subcooling
the fuel prior to launch lessens boil-off (ref. 14.1.2.8), and so reduces launch mass and in turn, cost.
These are major advantages for sample return missions to icy moons not only due to their long lifetime,
but due to the requirement for extra fuel to provide enough ΔV for escape velocity and return journey
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(NASA, 2015d). We have scored this technology as neutral, even though it would provide a mission
benefit, since we cannot find an argument for how this would affect planetary protection.
On the other side of thermal management is radiative cooling. High voltage electrical systems, for
example those containing high power RADAR devices, generate a lot of waste heat which has
capability to disrupt thermally sensitive scientific measuring equipment such as mass spectrometers
and flow cytometry tools. Because of this, it is necessary to develop efficient heat pumps and
exchangers (ref. 14.2.3.2, 14.2.3.3) to dissipate excess heat allowing for precise control of spacecraft
thermal properties. Since excessive heating can lead to malfunctions or disrupting scientific
instruments, then better cooling technologies should provide a benefit to mission reliability. This in
turn, reduces the probability of failure that might lead to forward contamination.

Technology

Launch

14.1.2.8

TA14

Subcooling Cryogenic Propellants

3

6

0

2019

2022

14.2.3.2

TA14

Two-Phase Pumped Loop System

3

7

2

2020

2023

14.2.3.3

TA14

Phase Change Heat Exchanger – Phase
Change Material Thermal Storage (Heat
Sinks & Storage)

4

7

2

2016

2024

PP score

TA

Final TRL

Ref.

Req. date

Initial TRL

Table 8-5: Thermal Management Systems

The following figure, Figure 8-4, is a graphical representation of the roadmap for Thermal
Management systems. The technologies are ordered from top to bottom by highest starting TRL to
lowest TRL.
Figure 8-4: Thermal Management Systems Roadmap
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8.7. Earth orbit sample containment
We have noticed a gap in the NASA technology roadmap for science missions (the Discovery and New
Frontiers programs) concerning components for sample return missions, especially technologies for
protecting the sample all the way back to the “last mile” of Earth orbit. Sample return missions by
their own nature pose a greater risk with regards to the backwards contamination of Earth. A possible
mitigation strategy is containment and analysis of samples in Earth orbit, before allowing the sample
to contact Earth’s biosphere. However, as discussed in Chapter 3, the Science Mission Directorate and
the Planetary Protection Officer do not have much influence over human mission planning, and so
human mission capabilities are generally not considered in interplanetary science missions. To address
this gap, we have studied the human exploration system technology area (TA7) to find technologies
that could be used for Earth-orbiting sample containment and study. This poses a great technological
challenge for the development of microgravity methodologies for microbial detection and monitoring,
hardware cleaning and decontamination, mitigation of threats to the Earth-Moon system and
spacecraft ability to effectively contain samples (NASA, 2015b).
There are two ways to conduct research and analysis on samples in LEO, human assisted or robotic.
Both techniques have their challenges, a common one being sample manipulation and probing in
microgravity (ref. 7.6.1.3). Technology for this is being developed for use in manned missions to Mars
and comets, but nothing has been proposed for Earth orbital sample return scenarios. In a similar way
robotic manipulation of samples in LEO, or any other planetary orbit, have also not been developed.
In both cases though, there are common planetary protection issues that have demanded
development of technologies applicable for both human and robotic use. In-situ cleaning and
sterilization (refs. 7.5.2.1, 7.5.2.2, 7.5.2.3, 7.5.2.5) is one of these. A driving factor in the development
of advanced in-spacecraft cleaning techniques is the waste products generated. Chemicals and
treatments that require minimal consumables and produce minimal waste must be developed to
optimize efficiency in sterilization. In a similar way, materials can be developed that are tailored
towards the capture of sample material in a dual use manner; for contamination related sample
capture, and sample hosting for scientific analysis. Further enforcing the sample containment aspect
is the use of containment sensors and monitoring systems (ref. 7.5.2.4, 7.5.2.9). These allow for the
crew/robotic system to be notified of detected anomalies to sample containment levels, a useful
barrier in restricting forward contamination.
Physical sample containment barriers (refs. 7.5.2.10, 7.5.2.11) is another technology which both
robotic and human controlled sample analysis share. A difference, though, is that for human
manipulation, ports could be developed for which direct sample handling is conducted through glove
like apparatus or manual control of robotic arms. Before return back to Earth, samples need to be
stored in hermetically sealed containers, which once landed are transferred into biosafety level 4
laboratories. This is to ensure there is minimal risk for particulate contamination both air born from
dust or physical sample contact.
Throughout all of this though, is the need for protection from space debris (ref. 7.5.2.6). Space debris
is a growing threat to the structural integrity of satellites in Earth orbit. This is more of a concern for
LEO due to increased congestion, which increases further if bio-sensitive materials are stored on board.
Due to this high risk, analysis and modelling of various debris impact scenarios are required to find the
most secure setup for sample containment and analysis.
Table 8-6 summarizes the technologies discussed in this section, and shows the planetary protection
score (PP Score) we have assigned on the basis of the discussion. These technologies are all involved
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in in-orbit sample processing, sterilization, and containment barriers, all of which would be vital for
in-orbit biological research facilities. Therefore, all the technologies identified here receive high PP
scores. The results of this research shall be discussed more in Chapter 9, where we incorporate all of
these technologies into a proposed mission concept: the SEDNA orbital platform for biotic sample
investigation. Note that the table changes the technology requirement and launch dates from the
baseline NASA timeline, since we would not need in-orbit sample processing until after 2030, owing
to the time it would take a sample return mission to get back to Earth.

Technology

Launch

7.5.2.1

TA7

Active Sterilization

1

9

5

2028

2030

7.5.2.2

TA7

Cleanable Adhesive Surfaces for
Variable Gravity

1

9

5

2028

2030

7.5.2.3

TA7

Cleaning Systems

1

7

5

2028

2030

7.5.2.4

TA7

Microbial Burden Identification and
Monitoring

2

9

4

2028

2030

7.5.2.5

TA7

Recontamination Prevention

2

9

5

2028

2030

7.5.2.6

TA7

Debris Quantification for Planetary
Material Containment

3

9

5

2028

2030

7.5.2.9

TA7

Containment Sensors

1

9

5

2028

2030

7.6.1.3

TA7

Sample Handling

5

6

5

2028

2030

7.5.2.10

TA7

Post-Return Sample Containment

4

9

5

2028

2030

7.5.2.11

TA7

Hermetic Sample Containment Systems

2

9

5

2028

2030

PP Score

TA

Final TRL

Ref.

Req. date

Initial TRL

Table 8-6: Human exploration destination systems

The following figure, Figure 8-5, is a graphical representation of the roadmap for human systems that
would enable sample containment and processing in microgravity. The technologies are ordered from
top to bottom by highest starting TRL to lowest TRL.
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Figure 8-5: Human exploration destination systems roadmap

8.8. Conclusions and recommendations
In this chapter, we have analyzed the NASA technology roadmap for the technologies targeted for
upcoming Discovery and New Frontiers class missions. Of these technologies, we have selected the
ones that might impact the mission architectures and concepts discussed in Chapters 6 and 7 of this
report. For each of the technologies, we have assessed a Planetary Protection Score (PP Score), from
negative-5 to positive-5, indicating whether the technology would hinder planetary protection
planning in missions, or benefit it. Figure 8-6 shows the combined technology roadmap for all
technologies relevant to the missions analyzed in this report, ranked by their PP scores. We believe
that funding for technology development should be prioritized on the basis of this score. We hope
that this analysis will be beneficial to the NASA Planetary Protection Officer and the NASA Chief
Technologist in making decisions on the funding of technology development for future interplanetary
science missions.
To conclude, we will summarize the scoring rationale for all the technologies considered, from power
generation to science instruments to entry, descent and landing to thermal protection. The
conclusions for these technology areas are as follows:
Conclusions

8A

Power generation technologies involving radiation sources may cause forward
contamination by causing harmful radiation to any life forms that might be present.
Radiation tolerant technologies, on the other hand, increase flight reliability and reduce the
probability of malfunctions that lead to loss of control of the spacecraft, and possible
follow-on contamination.

8B

For science instruments, the remote instruments generally receive positive scores, science
they enable science results without direct contact. Methods for sample collection,
especially “wet” sample collection, on the other hand, add complexity to planetary
protection requirements, and may require extreme and expensive sterilization

techniques.

104

Conclusions

8C

Entry, descent, and landing systems in general score very highly, since precision flight
dynamics and targeting landings increase the control we have in targeting (or avoiding)
special regions, reducing the probability of failure or crashing in a sensitive area.

8D

For thermal management, developing better cooling systems may offset the negatives
from RTGs and other thermally active systems that might degrade sensitive equipment;
therefore we have given these systems slightly positive scores.

8E

For in-orbit handling and processing of returned samples, the technologies involved all
receive higher planetary protection scores, owing to their importance in improving
backwards contamination protocols. These technologies would be instrumental in
preventing any contact of samples with Earth’s biosphere until detailed analysis could
be made.

Recommendations

8A

We recommend that NASA prioritize budget allocation for technology development
on the basis of the planetary protection benefit we present here.

8B

We recommend that other space agencies also develop technology roadmaps, with
a measure of effectiveness for planetary protection utility, for use in setting budget
allocation for technology development.

8C

We recommend that the space community study in greater detail the possibility of
combining technologies from robotic mission infrastructure, as well as human nearEarth capability, to create more robust sample return mission architectures. As a
step in this direction, we will propose the SEDNA platform in Chapter 9.

In addition to the NASA roadmap technologies, we have also identified a gap in the NASA roadmap,
as the mission concepts do not include a sample return strategy that includes a near-Earth component.
In this chapter, we have also analyzed the technologies that could be developed to contribute to a
near-Earth platform for studying returned samples, as part of a backward protection strategy that
avoid contact with Earth’s biosphere. The results of this research shall be discussed more in Chapter
9, where we incorporate all of these technologies into a proposed mission concept: the SEDNA orbital
platform for biotic sample investigation.
The following figure, Figure 8-6, shows all the technologies considered in this chapter that have a
positive planetary protection score (PP Score). For each technology, we also calculated an achievability
rating, which is the number of years we have between now (2016) and the technology need date,
divided by the TRL level jump required; this gives the number of years we have to succeed per TRL
level increase required. The combined score is created through an equal weighting of the two scores.
The technologies are sorted from highest to lowest combined score, with our recommendations for
the most important achievable technologies towards the top of the chart.
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Figure 8-6: Technology investment recommendations
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9. Summary and proposals
This section compiles the conclusions and recommendations that are given at the end of each of the
main chapters of this report and presents the proposal from this study. The conclusions and
recommendations are expressed as key points in blue and green boxes, respectively, and are
numbered for reference. Firstly, the conclusions are placed together in Section 9.1. The
recommendations are placed together in Section 9.2. Thereafter the 1st proposal, which is with regard
to technology development priority, is given in Section 9.3. Finally, in Section 9.4 the 2nd proposal of
this report is given, namely the SEDNA Orbital Platform.

9.1. Summary of conclusions
This section lists the conclusions from each chapter of the report. The derivations of these conclusions
are given in the respective sections. This report begins in Chapter 2 by looking at the rationales for
searching for life and for conducting planetary protection. Cultural, social, and scientific explanations
are questioned and the existing legal basis for planetary protection is presented. From this the
following conclusions are made.
Conclusions Chapter 2

2A

The main driver for the search for life outside of Earth is to find out whether we
are alone in the universe.

2B

There are strong cross-cultural concerns for alien invasion, and therefore strong
cross-cultural motivation to come to agreement on backward contamination.

2C

There are also cross-cultural concerns for the preservation of life and the
environment, which lend support to forward contamination policies.

2D

The cross-cultural concerns for the preservation of life and environments has
not led to a clear international, enforceable legal consensus on exactly how to
implement this protection, to what purpose, or to what extent.

The existing legal and organizational framework for planetary protection is introduced in Chapter 3.
The role of the Committee on Space Research (COSPAR) and the practices of several space agencies
are summarized. The information that is presented in this chapter is indicative of the following
conclusions.
Conclusions Chapter 3

3A

Western nations and their space agencies, particularly North American,
European and Japanese tend to participate more in COSPAR planetary
protection panel meetings, and therefore tend to drive the policy generation
process.

3B

International partnerships, like EXOMARS, have been proven to bring more
varied international participation to COSPAR PPP meetings and assemblies.
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Conclusions Chapter 3

3C

The NASA organizational structure, with a designated planetary protection
officer responsible for both external and internal collaboration has aided NASA
in becoming the most significant participant in international COSPAR PPP
recommendations, deliberations, workshops and research.

3D

The NASA PPO nonetheless is positioned in the organization such that there
may be limitations to its effectiveness when planning human missions, or
collaborations between human and robotic missions.

3E

The NASA PPO also has limited control over budget for technology
development regarding planetary protection.

Chapter 4 presents the major scientific section of this report. In this chapter the environments of the
icy moons and the reasons for the interest in investigating them is introduced. Four moons are
explained in some detail including two of Jupiter’s moons, Ganymede and Europa, and two of Saturn’s
moons, Titan and Enceladus. Each of these moons is of particular interest to the astrobiology
community and, hence, are presented in this report. The following conclusions are drawn from this
chapter.
Conclusions Chapter 4

4A

The geysers on Enceladus ejecting organic compounds into space simplifies the
acquisition of samples from the interior of Enceladus’s oceans.

4B

There is a greater chance of achieving interesting scientific results from direct
surface (or even subsurface) contact on Enceladus.

4C

Of the four moons studied, Enceladus has the smallest gravity well, and so is a
favored candidate for surface sample return.

The first of the chapters on missions to icy moons is presented in Chapter 5. In this chapter the ESA
JUICE and NASA Europa flyby missions are described, with information given on their current status,
general concept, scientific objectives and requirements, and the proposed planetary protection
policies. This chapter provides a basis for understanding the current state of missions that search for
life on icy moons. The following conclusions are made.
Conclusion Chapter 5

5A

The planetary protection requirements for both JUICE and Europa Flyby are
relatively straight-forward, focusing on the flight dynamics, probabilities of
accidental impact, and the plan for end-of-life.

5B

The science value of these missions will not be as profound as a lander mission,
or as a sample return mission, since direct contact is not part of the mission
plan.
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Chapter 6 presents two more missions which are currently proposals, namely the ELF and LIFE missions,
both of which are intended for Enceladus. Information about the missions’ objectives, architectures,
and payloads are given as well as the associated planetary protection requirements. This section gives
a broadened understanding about near future missions. From these two mission descriptions, the
following conclusions were drawn.
Conclusion Chapter 6

6A

The ELF mission concept is technically simpler than the LIFE mission. However,
the ELF mission neither returns samples nor touches the surface and, hence,
will have a more limited capability for the analysis of the conditions on the
moon.

6B

Due to the sample return component of the LIFE mission, it is technically more
complicated than the ELF mission. Furthermore, the sample return in LIFE
invokes stricter planetary protection controls than the ELF flyby.

6C

Planetary protection measures in the LIFE mission would add approximately
US$200M (FY2015) to the mission costs according to NASA estimates.

6D

There are restrictions on the sample mass that can be returned with the LIFE
mission concept. Ballistic re-entry becomes less practical with large samples.
Controlled re-entry and landing systems incurs higher mass and costs due to
stricter requirements on the heat-shield, parachute, and control system.

A set of more elaborate mission concepts are given in Chapter 7. These mission concepts are
presented in this report because they would allow for a greater degree of scientific investigation.
These mission concepts would either probe surface or ocean regions, or return samples to Earth. The
following conclusions were made based on the information in this chapter.
Conclusions Chapter 7

7A

Orbiters, landers, drilling rigs, high-velocity impact missions, and submarines all
require adherence to planetary protection guidelines due to their contact with
environments that can harbor life.

7B

Planetary protection is difficult to fulfil for large landers, drilling rigs, impact
missions, and, in particular, submarines because large scale heating chambers
and highly sterile assembly areas are needed. These requirements may incur
the estimated US$200 (FY2015) cost, or higher, that is given in Section 6.5.

7C

The mission concepts that are presented here can collect large samples, probe
deeply into surface or subsurface regions, or explore oceans. All concepts
provide more opportunity for analysis and, hence, are of interest to the
scientific community.

Finally, in Chapter 8 a NASA technology roadmap is presented and an analysis made to determine
which technologies would be of most benefit to planetary protection measures. The assessment of
the technologies in the roadmap is made with an evaluation of the relevance and of the impact on
planetary protection of the technologies. The analysis leads to a ranking of the technologies in terms
of priority in development. The conclusions from this section are as follows.
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Conclusions

8A

Power generation technologies involving radiation sources may cause forward
contamination by causing harmful radiation to any life forms that might be
present. Radiation tolerant technologies, on the other hand, increase flight
reliability and reduce the probability of malfunctions that lead to loss of control
of the spacecraft, and possible follow-on contamination.

8B

For science instruments, the remote instruments generally receive positive
scores, since they enable science results without direct contact. Methods for
sample collection, especially “wet” sample collection, on the other hand, add
complexity to planetary protection requirements, and may require extreme and
expensive sterilization techniques.

8C

Entry, descent, and landing systems in general score very highly, since precision
flight dynamics and targeting landings increase the control we have in targeting
(or avoiding) special regions, reducing the probability of failure or crashing in a
sensitive area.

8D

For thermal management, developing better cooling systems may offset the
negatives from RTGs and other thermally active systems that might degrade
sensitive equipment; therefore we have given these systems slightly positive
scores.

8E

For in-orbit handling and processing of returned samples, the technologies
involved all receive higher planetary protection scores, owing to their
importance in improving backwards contamination protocols. These
technologies would be instrumental in preventing any contact of samples with
Earth’s biosphere until detailed analysis could be made.

9.2. Summary of recommendations
Based on the conclusions in each chapter a set of recommendations were derived. In this section these
recommendations are presented together. The first set of recommendations come from Chapter 2
and are shown below and relate to conclusions B and C from the same section, which are on the topic
international involvement in planetary protection.
Recommendations Chapter 2

2A

To increase international support for planetary protection, concerns for selfpreservation against alien invasion (even microbial invasion) could be used as a
cross-cultural motivator.

2B

Outreach programs discussing planetary protection should attempt to reach a
wider intercultural audience by focusing on self-preservation issues, by
leveraging the many international pop-culture references to alien invasion.
Outreach programs for planetary protection may reach broader audiences by
aligning themselves with launches of popular movie and novel franchises.
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There are two recommendations that were drawn from Chapter 3 which are given below. These relate
to conclusions A and B in the same section and cover the subject of broader international cooperation
in planetary protection.
Recommendations Chapter 3

3A

All nations should be encouraged to participate in COSPAR PPP meetings and
scientific research, regardless of their mission profiles, since prevention of
backward contamination is a universal concern.

3B

All nations with space programs should be encouraged to collaborate on
interplanetary missions, as this will help bring more players into the planetary
protection policy process.

From the chapter on the science of icy moons two recommendations were derived from conclusions
A, B and C. Both of the recommendations focus on where sampling should take place, namely on
Enceladus.
Recommendation Chapter 4

4A

We recommend sampling from Enceladus’s geysers be made the highest
priority mission by all space agencies considering interplanetary science
missions to the outer solar system.

4B

We recommend surface sampling, and sample returns, on Enceladus be made a
priority after in-space sample collection, by all space agencies considering
interplanetary science missions to the outer solar system

Two recommendations were derived from conclusions B, C, and D in Chapter 6, which talks about
mission concepts to Enceladus. The first recommendation is with regard to cooperation between
space agencies and the second is with regard to the size of samples that are desired for return to Earth.
Recommendations Chapter 6

6A

Cooperation between agencies would allow planetary protection costs to be
shared. For example, facilities could be shared, or standards could be developed
together instead of developing independent standards in parallel.

6B

Large samples are preferable for scientific study as indicated in chapter 4. An
alternative to re-entry systems could be used and thereby avoid the technical
complexity, higher risks of backwards contamination, and the associated higher
costs of the LIFE concept. An Earth orbiting platform presents itself as an
alternative for returning samples to Earth, whereby a sample is studied in Earth
orbit.

In Chapter 7, which discusses other mission concepts, there are two recommendations which are
derived from conclusion C. The recommendations are related to what kind of missions should be
undertaken and what technology developments are needed.
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Recommendations Chapter 7

7A

Focus should be made on missions that provide large sample analysis, such as
drilling missions, or on missions that probe the surface or sub-surface oceans,
such as the high-velocity impact and submarine concepts.

7B

Technology developments should be made to support the mission concepts and
maintain sufficient levels of planetary protection.

Three recommendations are derived from Chapter 8, the technology roadmap assessment, and are
given below. These recommendations are based on all conclusions, A-E, for that chapter and relate to
the prioritization of technology development, budgeting, and technology combination.
Recommendations Chapter 8

8A

We recommend that NASA prioritize budget allocation for technology
development on the basis of the planetary protection benefit we present here.

8B

We recommend that other space agencies also develop technology roadmaps,
with a scoring indicating the planetary protection benefit, for use in setting
budget allocation for technology development.

8C

We recommend that the space community study in greater detail the possibility
of combining technologies from robotic mission infrastructure, as well as
human near-Earth capability, to create more robust sample return mission
architectures. As a step in this direction, we will propose the SEDNA platform in
Chapter 9.

9.3. Our first proposal – technology development priorities
The analysis of the NASA technology roadmap in chapter 8 was made to assess each technology on its
relevance to missions to icy moons and on its impact on planetary protection in these missions.
Additionally, each technology was given an achievability rating which is a measure of development
time of TRL change (e.g. 5 years to increment by two TRL levels gives an achievability of 2.5). High
levels of achievability indicate that the technology is easier to develop, and vice-versa. Based on a
weighted scoring with the above criteria, the technologies were ranked and this is graphically shown
in Section 8.8 (Figure 8-6).
The weighted scoring system indicated that the top three technologies for development are Sample
Handling (7.6.1.3), High-Reliability Thermal Protection Systems (TPS) (9.1.1.2), and Autonomous
Hazard Detection and Avoidance (9.2.8.4). The first item specifically relates to the direct contact with
samples on an icy moon and so logically has a significant impact on planetary protection and mission
success. The TPS is relevant to the entry, descent and landing system and critical to success of the
mission. Failure of the TPS can lead to mission failure and to the uncontrolled contact with the surface
on an icy moon. The autonomous hazard detection and avoidance system is important for not putting
a lander, rover or submersible into a dangerous condition or for avoiding contact with a special region,
such as one that could be easily contaminated. All other items in the list of ranked technologies can
be found in Chapter 8.
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We recommend that funding for technology development should be prioritized on the basis of this
score. The ranked list can support the NASA Planetary Protection Officer and the NASA Chief
Technologist in making decisions on the funding of technology development for future interplanetary
science missions. We hope that this technology ranking will support the prioritization of technology
development in other agencies as well. Cooperation between agencies could benefit from this
prioritization by sharing specified technology development costs.
The technology development priorities largely support the outbound part of sample return missions.
The second proposal of this report is with regard to the return of samples to Earth and is a method of
minimizing backwards contamination.

9.4. Our second proposal – the SEDNA Orbital Platform
The recommendations in this report for the return of large samples from icy moons, or other bodies,
have been used to support the proposal of the SEDNA Orbital Platform. This proposal is the
culmination of this study and acts as the logical progression of the information that is presented
throughout this report. This section introduces this concept and explains why it has the potential to
support planetary protection in sample return missions. Section 9.4.1 introduces the rationales for the
SEDNA concept. Section 9.4.2 describes the architecture of the platform, its design, and its operation.
Section 9.4.3 thereafter presents some costing estimates of the platform, including hardware and
launch costs.

9.4.1. The rationales for SEDNA
Earth orbit sample containment is presented in Section 7.7 and it is explained that this is a possible
mitigation strategy for avoiding backwards contamination of Earth. The purpose of the SEDNA
Platform is to support planetary protection in sample return missions. The platform would be in Earth
orbit, crewed, and would be equipped with the capability to quarantine samples and astronauts. The
general principle of the platform is to provide an intermediary point, where scientific analysis of
samples can be undertaken readily, backwards contamination of the Earth can be better avoided, and
which can be utilized by multiple sample return missions (See Figure 9-2).
This paragraph summarizes the key information from each chapter of this report to support the
rationale for SEDNA. Chapter 2 indicated that there is an intercultural concern for backwards
contamination and that international cooperation could be improved to include more states in
planetary protection measures. Chapter 3 expanded upon the point of international cooperation and
showed that COSPAR is western dominated. The interest in icy moons, and specifically Enceladus, for
searching for extant or extinct life is presented in Chapter 4. The interest in these bodies provides the
rationale for wanting to return large samples. Chapter 5 highlights that currently planned missions do
not return samples to Earth. Chapters 6 and 7 introduce other mission concepts that could help the
scientific community to study more about the icy moons and could return samples to Earth. However,
it is indicated that there are funding and technical limitations that make these mission concepts
difficult to realize. The NASA technology and an analysis thereof is presented in Chapter 8 with the
recommendation that certain technology development should be prioritized in order to better
implement planetary protection in missions to icy moons and especially in sample return missions.
The key points from all of this are as follows. Figure 9-1 supports these statements by providing an
illustration of the current sample return approach.
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1.
2.
3.
4.
5.

Enceladus, among other icy moons, is of interest in the search for extant or extinct life.
To study these moons in more depth, the return of large samples is desired.
Large sample returns are of interest so that more scientific analysis can be undertaken
Returning samples to Earth is technically challenging, costly and is COSPAR Category V
International cooperation could be improved to strengthen planetary protection policies
and to share costs.

Figure 9-1. Illustration of the current sample return approach

The SEDNA Orbital Platform concept addresses the key points above by proposing the following:
1. Instead of returning a sample directly to the Earth’s surface, the sample can be brought
firstly to the SEDNA Orbital Platform for analysis. This approach reduces the risk of
backwards contamination by keeping samples in orbit for initial analysis. It is easier to
place equipment for scientific analysis into Low Earth Orbit than to send all the equipment
to an icy moon.
2. Return capsules have certain advantages if they are designed to dock with the SEDNA
Platform. Heat shields, parachutes, and controlled landing mechanisms would be
unnecessary in such designs. Furthermore, ballistic re-entry capsules, which are limited in
their capability to return large samples safely to Earth, would also not be needed if this
Platform is used. This can reduce cost of return capsule design and production.
3. The SEDNA Platform would be an international undertaking for the pursuit of scientific
study of samples from other bodies in the Solar System. The platform would help to
develop international cooperation in setting standards in planetary protection, to involve
a broader range of organizations from different states, and to help in sharing costs for the
development and operation of the Platform.
4. The platform would be accessible to multiple missions so that sample return missions
from several space agencies could be brought to the platform over its operational life. This
could include sample returns from icy moons and other bodies such as Mars. Hence, the
repeating cost of return capsules can be reduced across multiple agencies.
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9.4.2. The SEDNA architecture
The platform proposal includes a three module platform, crewed by three scientists, which would
provide suitable running of the platform and a cost effective architecture. The foundation of this
platform is the Bigelow Aerospace BA 330 inflatable space module. With the upcoming launch of the
Bigelow Expandable Activity Module (BEAM) to the ISS, Bigelow is well on the way to ensuring flight
readiness of their systems (Dunn, 2016). While the BA 330 is still in developmental phases, it should
be viable for deployment as early as 2017 (Grondin, 2014). With the combination of three BA 330
modules in a ‘T’ configuration, astronauts on this Platform would have ample room for scientific study,
living, and storage. In case of emergencies, three modules would allow for egress to another module,
two of which will be capable of supporting life and evacuation to Earth. The third module will be
dedicated to robotically assisted analysis of returned samples. Figure 9-2 shows an illustration of the
SEDNA Orbital Platform concept.
Figure 9-2. SEDNA Orbital Platform concept
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To connect these modules the platform would utilize Bigelow technology as well. To ensure the
containment of potentially hazardous samples, an airlock similar to the Quest Joint Airlock used on
the ISS would be utilized. However, should the need arise for astronauts to enter the research module,
a decontamination system must be developed for use in the airlock. Currently, decontamination
shower systems for use in space must be researched and developed. However, an air only
decontamination shower should be adaptable for such situations (PBSC, 2016). To outfit the research
module, several space ready scientific instruments would be used. While the specific instruments
would be decided in relation to the scientific objectives, we propose the use of a nuclear magnetic
resonance spectrometer, gas chromatograph, and ultraviolet-visible spectrometer to provide a good
foundation for the analysis of samples.
In order to deliver all of these components to space, SpaceX’s Falcon Heavy launch system would be
utilized. Expected to launch in 2016, the Falcon Heavy is designed to be capable of delivering 53 metric
tons to LEO (SpaceX, 2016). In addition, Dragon Crew and Cargo capsules would be obtained from
SpaceX for transportation of astronauts and supplies to the platform. To accommodate docking, two
docking nodes would be used. One would connect to the storage BA 330 and the other to the BA 330
for use as living quarters. A propulsion bus has also been budgeted, so that the orbit can be boosted
following orbital degradation. The following section introduces cost estimates for the hardware and
launch services that are described above.
Samples would be brought to the platform with a return capsule which would use a semi-autonomous
rendezvous and docking system. The sample inside the return capsule would be transferred into the
research module with a robotic system that is operated by the astronauts aboard the platform.
The samples would be stored, processed and analyzed within the research module only. Manipulation
of the samples would be undertaken robotically as well, so that direct contact between the crew and
the samples is avoided. This approach is designed to reduce the likelihood of contamination of the
crew and subsequent return of contaminated crew or hardware to Earth.
After conducting scientific analysis of the sample, there are two possibilities for the further treatment
of the sample. The first option is to securely store the sample and return it to Earth using one of the
crew vehicles during a scheduled crew change. This is expected to be the general case in which the
sample is of interest and should be further studied. The second option is to destroy and dispose of the
sample in the case that it is either highly dangerous or scientifically uninteresting. Firstly, heating,
chemical reaction, or radiation exposure could be used to sterilize the sample. The sterilized sample
can be placed into the return capsule and both can be jettisoned into the Earth’s atmosphere so that
they are destroyed during re-entry. Note that the return capsule would not be designed to survive reentry.

9.4.3. SEDNA cost estimates
Estimates are made in this section for the costs of the hardware and launch services that are described
in section 9.4.2. These costs present the order of magnitude of such a project and exclude operational
costs. Table 9-1 presents the items, their associated costs, and the total estimated cost for purchasing
the hardware and launch services. All values are given in FY2016 units. A total estimated cost of
approximately US$2 billion is similar to the total cost of a sample return mission as presented in
Chapter 3. The intention is that the investment in the SEDNA Platform would allow for cost reductions
in the return capsules as explained in Section 9.4.1. Furthermore, in terms of the sample mass that
could be processed, the Platform concept would allow for larger samples than other existing concepts
(as shown in Chapters 5, 6 and 7).
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Table 9-1. Cost estimates of SEDNA platform
(Maness and Holtzin, 2014; Martin, 2014; NASA, 2013; Russia Today, 2014; SpaceX, 2016; Thermoscientific,
2016)

Item

Cost estimate

3 Bigelow BA 330s

$375 million

5 Falcon Heavy Launches (155 mT)

$450 million

- BA 330s (3 @ 25 mT each = 75 mT)
- Crew Dragon + Crew (6 mT)
- Instrumentation (5 mT)
- Initial Supplies (7.5 mT)
- Propulsion Bus and Docking Node (x2)(34 mT)
Instrumentation

$10 million

1 Crew Dragon Capsule

$200 million

1 Cargo Dragon Capsule

$150 million

Initial Supplies

$5 million

Propulsion Bus and Docking Node (x2)

$150 million

Connection Modules and Decontamination $500 million
Airlock
Robotics

$50 million

Total estimated cost of architecture

~$1.8 billion

9.5. Further Research
The search for life in our own stellar neighborhood has only just begun. After investigating
astrobiology and planetary protection, our team, to support the endeavor of one day finally answering
the question of whether life exists beyond our world, presents here a technology roadmap, and the
architecture for the SEDNA platform. We do this in the hope of strengthening planetary protection
policy and implementation at the international and national level, in space agencies around the world.
To further these aims, we suggest the following avenues of continuing research:



Further quantification and standardization of the PP Score (Planetary Protection Score) as a
measure of effectiveness used in making technology investment decisions.
Improvement of the achievability rating for TRL levels, as the current rating is strictly linear,
and does not take into account possible differing gaps between different TRL levels. A better
non-linear rating could be developed based on statistics for the success rates in raising
technologies to the next level.
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Additional analysis of NASA TRL development cost estimation. Our team attempted this, but
found no well-grounded way to estimate costs based on the information available. We suspect
that the NASA Office of the Chief Technologist could create a measure of effectiveness based
on detailed histories of project-level expenditures for technology development and their
historical results.
Refinement of the conceptual design for the SEDNA platform, as the idea presented here is
only a concept with a cursory costing. Our concept serves primarily as a sounding board
to assess interest in the scientific community, and in various international space agencies. An
outreach program could be considered to gauge interest of other global players in the Space
sector.
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