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To my father

Preface

About 1.2 billion km away from our blue planet, frozen droplets of
water orbit Saturn in unison with its majestic rings. These droplets are so abundant that they form a large ring around the planet.
Hundreds of thousands of km wide and 2,000 km deep, this ring
contains so many frozen water particles that Tethys and Dione,
two small moons that happen to lie within the ring, have both
developed a blue tint.
By analyzing this ring, the E ring, one of eleven other rings
of Saturn (see Chapter 8), we have discovered that the droplets
contain traces of sodium chloride (salt) and silicon dioxide (silica),
indicating that the body of water from which they originate must
be warm, salty, and in direct contact with rocks – very much like
our seawater here on Earth. Science tells us that these conditions
are favorable for life to develop and flourish, so it doesn’t require a
big stretch of the imagination to believe that, trapped inside these
tiny seawater droplets, we might find microorganisms in the deep
freeze – extraterrestrial life.
Scientists recently found the ocean from which these frozen water particles originate, but this ocean is different from the
ones we see here on Earth. It is a subsurface ocean that lies many
kilometers beneath the surface of one of Saturn’s tiny moons,
Enceladus. Mighty geysers, powered by the little moon’s heating,
regularly spout large jets of ocean water into space, where they
join the E ring.
We now know that many worlds within our Solar System
contain vast subsurface oceans. We call them “ocean worlds,”
and they are one of the most exciting discoveries in the history of
space exploration.
It is remarkable that we live in an age where data collected
by robotic space probes allows us to have educated conversations
about the possibility of extraterrestrial life. In this book, we’ll
travel back in time, tracking the discovery of the ocean worlds.
Then we’ll move through space as we visit each of these worlds,
investigating the latest scientific evidence as we contemplate the
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viii

Preface

tricky yet thrilling concept of planetary habitability, the potential
to have environments hospitable for life.
The idea of this book germinated more than a year ago during a public outreach event at the Sherwood Observatory in
the United Kingdom. It had been a busy yet satisfying event for
all of us involved, and as the evening drew to a close, a visitor
approached me, as he was eager to share a news article about the
newly discovered ocean of liquid water under the surface of Pluto
and the possibilities that life might be discovered there by future
NASA missions. When he asked for my opinion on this news
item, I didn’t have good news for him. The existence of a subsurface sea underneath Pluto was, and is still, only suggested by
theoretical models, not confirmed by solid evidence as seemed to
transpire from the article. In addition, there are much better places
for NASA to search for life in our Solar System than Pluto, a far off
distant world where, if liquid water existed, it would most likely
be rich in ammonia – a powerful antimicrobial agent.
Subsequently, as I gave further public talks at the observatory
and interacted with the people attending, I understood that the
public was sometimes misled by the press overhyping or grossly
distorting the science facts behind the ocean worlds’ concept. This
was no real surprise here, as anyone taking part in activities aimed
at communicating scientific ideas to the public quickly becomes
aware how easy it is for the public to misinterpret modern scientific concepts and the intricacies that come with them.
It is in response to these inaccurate interpretations that the
book you hold in your hands was conceived, easily accessible by
any layperson wanting to know more on subsurface oceans. It
aims to guide the reader through the concept of the ocean worlds
and provide insights into the latest scientific discoveries, with all
the nuances that come along.
In a way, the field of planetary science has always been ripe
for misleading interpretations as it involves, more often than not,
cutting-edge science where technologies are pushed to their limits, and theoretical models are continuously refined. Add to this
mix our never-ending obsession with alien life, and we have a perfect click bait. In this context, it can be difficult for non-experts
to separate the wheat from the chaff, and this is where this guide
can help.
The book is divided into four parts, each focusing on a specific aspect of the ocean worlds’ topic. Part I, consisting of three
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chapters, aims to cover some basic concepts in planetary science
and astrobiology to establish a good foundation upon which we
can explore the ocean worlds. Chapter 1 will reveal how the idea
of ocean worlds was first introduced through the remarkable journeys taken by NASA’s Voyager spacecraft as they visited the outer
planets’ satellite systems in the last decades of the twentieth century, revolutionizing planetary science in the process. Chapter 2
will cover the origins of water in the universe as well as the processes behind its distribution throughout our Solar System. The
possibility of life arising within subsurface oceans and the current
approach that is taken in finding it will be described in Chapter 3.
In so doing, we will make a slight detour to the planet Mars, where
the first ever interplanetary mission to detect alien life was undertaken in the 1970s.
With the essentials covered, our journey to the ocean worlds
will start as we move into the second part of the book. There, we
will explore in detail the five confirmed ocean worlds of our Solar
System, which are in fact moons of Saturn or Jupiter: Ganymede,
Callisto, Europa, Titan, and Enceladus. Each one will be covered
in a chapter to allow us to explore their history fully, their physical and geochemical properties, and ponder on the prospects of life
within their subsurface oceans.
Part III will take us to two moons and two dwarf planets
where tantalizing clues suggest that a subsurface ocean or smaller
bodies of liquid water could lie under the icy crust but for which
we still haven’t found definitive proof. Within this part, Ceres and
Dione will be covered in Chapter 9, while Triton and Pluto will be
explored in Chapter 10. In the following chapter, we will explore
numerous planetary objects that could theoretically have hosted
a subsurface ocean in the past or might still do so in the present,
but for which the limited observational data makes such cases
debatable. This category includes, among others, icy moons such
as Rhea, Ariel, Titania, and Oberon as well as trans-Neptunian
objects (objects lying further than the orbit of Neptune) such as
Makemake, Eris, Sedna, and 2007 OR10.
Finally, the last part will review the space missions planned
to visit the ocean worlds in the coming decades. In Chapter 12,
we will examine the confirmed missions such as ESA’s JUICE and
NASA’s Europa Clipper as well as the proposed ones waiting to
be approved, such as the Europa Lander. Given the life-detecting
capabilities of these future missions, we will end the chapter, and
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the book, speculating on the scientific and societal impact if we
find evidence of alien life within a subsurface ocean. Ultimately,
looking for life forms in these remote and strange habitats is part
of a bigger quest, the one for our cosmic origins.
In the appendix section, we will cover Mimas, a small moon
of Saturn, which had been previously put forward by some scientists as an ocean world candidate, only to be disproven recently.
As such, this moon p
 rovides a cautionary tale on the drawbacks
in interpreting from a limited set of data. In addition to Mimas, a
brief overview of the relic surface oceans of Mars and Venus will
complete our investigation of past and present liquid water environments in our Solar System.
What’s more, our journey will take us across the entire Solar
System to meet numerous objects. From the now-famous Comet
67P/Churyumov-Gerasimenko to the icy surface of Pluto’s moon
Charon; from Io, the most geologically active object in our Solar
System, to some of the remotest objects known, we will venture
far and wide, meeting in the process the robotic explorers that
unveiled these worlds to us – the spacecraft Pioneer 10 and 11,
Voyager 1 and 2, Galileo, Rosetta and Philae, Dawn, New Horizons, and Cassini-Huygens – and the people that made all this
possible. We will also cover the geological and geochemical processes involved in the alteration of planetary bodies such as how
water behaves in extreme conditions in Chapter 4 and the external
factors that alter a planetary surface exposed to space in Chapter
5. Further processes and concepts will be distilled here and there
throughout the chapters.
Key to the approach taken by this book is the fact that planetary science is a comparative science, where we gain much from
comparing planetary objects with each other. As such, although it
might be tempting to skip chapters and quickly jump to specific
parts of the book (e.g., Europa), it is recommended to read in the
order the chapters appear, as knowledge on the ocean worlds and
the technology used to investigate them builds up progressively.
Of course, in the case chapters are read individually, there will
be pointers as to where a specific concept or technology has been
covered elsewhere in the book.
In keeping with the comparative theme, every ocean world
candidate mentioned in this book is presented in an overarching
table, located after this preface, where comparisons on fundamental physical properties (such as ratio or mass) and the known char-
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acteristics of the subsurface oceans can be made between each
candidate. This table should become handy when one wants to
quickly check the properties of these objects against what they
have read or heard. Furthermore, a schematic diagram establishes
where each ocean world candidate is located within the context of
the planets and structures of our Solar System, making it easier to
locate a given object.
One of the most satisfying aspects of life is sharing with others what you are most passionate about. I genuinely hope you
enjoy reading what follows as much as I relished researching and
writing it. If anything written herein inspires you to learn more
about space or science in general, then I’ve succeeded in my effort.
Nottingham, UK
April 2018

Bernard Henin
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