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Introduction:  Increasing numbers of ocean 

worlds are known or suspected throughout our solar 
system leading to the tantalizing question: could those 
other ocean worlds also harbor life?  In the coming 
decades it may not be feasible to visit goldilocks plan-
ets orbiting other stars but the very real possibility ex-
ists to search for evidence of life – and, more pro-
foundly, an independent origin for life – much closer 
to home, within our outer solar system.   Already, two 
candidate systems, Jupiter’s moon Europa and Saturn’s 
moon Enceladus, have revealed striking evidence that 
they host global-scale salt-water oceans underlain by a 
rocky seafloor.  To a first approximation, this descrip-
tion can also be applied to the largest contiguous habi-
tat for life on our own planet. [More than 50% of our 
Earth’s outer silicate veneer also lies beneath >3000m 
of salty ocean, but unless you visit from space you 
might not notice!] 

This is important because, in the outer reaches of 
the solar system, it is not anticipated that energy from 
the Sun would be sufficient to drive the photosynthesis 
that sustains a profusion of life here on Earth, particu-
larly across the surfaces of our continents and sunlit 
upper oceans.  Even here on Earth, however, life is not 
uniquely dependent upon photosynthesis.  As one al-
ternate example, thriving ecosystems can also be found 
in association with sites of active fluid flow on the 
deep, dark, ocean floor where chemical energy sustains 
microbial metabolisms at the base of hydrothermal 
food chains.   Of course, the process of chemosynthesis 
is not new – the first discoveries of submarine venting 
were contemporaneous with the first Voyager transects 
through the outer solar system.  But continuing explo-
ration of our deep oceans continues to reveal entirely 
new geologic settings that, in turn, give rise to different 
styles of seafloor fluid flow, exhibit different geo-
chemical characteristics and sustain a distinct and di-
verse array of chemosynthetic microbial metabolisms. 

In planning for the most compelling research to be 
conducted 20 to 30 years hence, therefore, I consider it 
timely to think beyond missions that will orbit or even 
land upon the surface of other Ocean Worlds to inves-
tigate for evidence of life.  Rather, now is the appro-
priate time to begin to prepare the path toward investi-
gating those oceans’ interiors.  Importantly, recent 
developments in both ocean science and ocean tech-
nology suggest that the field of oceanography may be 
reaching key levels of maturity at just the right time to 
be able to make significant contributions if harnessed 
constructively in mutually beneficial partnerships. 

Recent Developments in Ocean Science:  As re-
cently as when the Galileo mission was helping deter-
mine that Europa hosted a global salty ocean, all ex-
amples of known submarine venting on Earth hosted 
ecosystems that were dependent upon the presence of 
oxygen-generating photosynthesis to function.  Thus, 
there were no clear links available, in our scientific 
vocabulary, between seafloor venting to astrobiology 
or the origins of life. Fifteen years later that has quite 
changed.  Explorations along some of the “least prom-
ising” sections of the global mid-ocean ridge crest 
have led to the discovery of a much more diverse array 
of hydrothermal settings than had previously been an-
ticipated.  Most notable are those involving serpentini-
zation reactions, at temperatures spanning from 100-
500°C.  These systems have revealed a capacity to 
abiotically synthesize at least primitive organic mole-
cules while simultaneously sustaining a diversity of 
microbial metabolisms under much more chemically 
reducing conditions than had been reported during the 
first 20-25 years of seafloor hydrothermal research.  
Notably, the lithologies that give rise to the most ener-
getically promising conditions at the seafloor, today, 
are also those that are predicted to have been abundant 
in Earth’s earliest history, when life first appeared.   

 

 
Mid Cayman Rise:  ultramafic-hosted venting on an 

ultra-slow ridge.  20 years ago, this “could not exist”. 
 

But the majority of Earth’s ocean floor remains un-
investigated and even the newest discoveries have only 
come from ever more efficient investigations of two 
specific settings – the mid ocean ridge systems at the 
“front end” of plate tectonics, which are anomalously 
shallow compared to most of the deep ocean floor, and 
along comparably shallow continental margins.  Vast 
tracts of geologically active seafloor, including deep 
ocean fracture zones and hadal deep ocean trenches, 
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have been known to have the potential to host seafloor 
fluid flow for decades (indeed, since the plate tectonic 
revolution) yet have continued to be overlooked, to 
date.  I do not consider this a negative observation.  
Rather, as one begins to consider what potentially hab-
itable environments might exist on other ocean worlds, 
as they have begun to be discovered elsewhere in our 
solar system, I consider it particularly exciting to have 
been actively involved in exploration and discoveries, 
over the same past 10-15 year timescale, which have 
revealed that the potential for such habitable zones on 
our own planet may be far more abundant and diverse 
than had previously been appreciated.  Of course, key 
to some of those most exciting recent finds has not 
been serendipity so much as a new found, technologi-
cally facilitated, capability to search systematically. 

 
Emerging trends in Ocean Technology:  One of 

the most exciting developments in Ocean Research 
since the start of the new millennium has been the ad-
vances made in the use of robotic systems to investi-
gate the deep ocean interior.  While the robustness, 
range and sensor payloads of such vehicles remain 
rather modest, it is now more than a decade since the 
first demonstration was completed, using an autono-
mous underwater vehicle to search for, identify, and 
characterize new sites of submarine venting in ocean 
basins where no venting had previously been observed.  
In the limit, we have most recently pioneered the in-
vestigation of the Arctic Ocean floor, in both autono-
mous and remotely operated mode, with a vehicle 
moving independently of its surface-ocean support 
ship.  That study, in turn, developed directly from an 
approach that allowed first systematic investigations of 
Earth’s deepest ocean trenches.  No region of Earth’s 
ocean floor remains technologically beyond our reach.  

  

 
First deep AUV launch of HROV Nereid Under Ice 

beneath the ice-covered Arctic at 87°N, Oct. 2016. 
 

In the coming decades, I predict that a clear trend 
will continue in which increasing levels of autonomy 
coupled with judicious use of telepresence will allow 
ever greater levels of seafloor and deep ocean investi-
gation to be conducted independent of a supporting 
research ship.  The first demonstration projects have 
already been completed in which a seafloor robotic 
system can conduct investigative research, report back 
to scientists remotely, and be reprogrammed via a col-
laborative autonomous vehicle providing relay com-
munications while simultaneously tracking and provid-
ing navigational information to the submerged robot 
from the ocean surface.  In parallel, at least one entire 
research cruise has now been conducted in which all 
scientific operations were directed by a cohort of early 
career scientific PIs, via telepresence – none of the PIs 
directing robotic research operations on the remote 
ocean floor were present aboard the support ship.   

It seems clear that this migration of research away 
from a tradition of ship-based expeditions will be an 
imperative for the future of oceanography: there will 
be a need to improve our understanding of Earth’s 
oceans on a much accelerated timescale to predict the 
impacts anticipated upon our changing natural envi-
ronment in a timely manner.  But that same vision: of 
increasingly complex and sophisticated combinations 
of autonomous vehicles, equipped with appropriate 
sensor payloads, to characterize entire ocean basins is 
hopefully also one that will resonate with the themes of 
the Planetary Science Vision 2050 Workshop.  While 
missions to Ocean Worlds currently being planned for 
launch in the 2020s will be reliant upon systems and 
sensors that have already reached advanced levels of 
technical readiness, the time is ripe to anticipate the 
styles of missions that will follow, a generation hence.  
How does one characterize a previously unexplored 
ocean basin?  What are the appropriate sensor suites to 
employ?  And how should those sensors be deployed?  
From individual highly capable vehicles, or via collab-
orative swarms that offer redundancy?   

 
Looking ahead:  My vision for the future, for 20-

30 years hence, is one in which the exploration of 
Earth’s Oceans and the exploration of Ocean Worlds 
are progressing in close (symbiotic!) partnership, both 
scientifically and technologically.  But for that to be 
achieved, we will need to build stronger cross-linkages 
between researchers already active in each field, and to 
train the next generation of researchers to be equally 
comfortable in both lines of endeavor.  Let’s begin! 
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