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SPECIAL ISSUE ON SCIENTIFIC OCEAN DRILLING: LOOKING TO THE FUTURE

Future Opportunities in Scientific Ocean Drilling

ILLUMINATING PLANETARY HABITABILITY
By Fumio Inagaki and Asahiko Taira

ABSTRACT. Over the past several decades, scientific ocean drilling has significantly
expanded our knowledge of life and Earth. The discovery of deep microbial life and
its ecosystems beneath the ocean floor suggests that subseafloor microbial ecosystems
may have uniquely co-evolved in association with Earth dynamics, and this inevitable
interrelationship has shaped planetary habitability for more than 3 billion years. In the
future, scientific ocean drilling—from the surface to drilling’s accessible limit in the
upper mantle—will permit a better understanding of what is life, why we are here, and
what are the possible trajectories of our planet’s habitability and its sustainability as well
as that of other celestial bodies in the universe.

INTRODUCTION
Despite several catastrophic perturbations during its history, Earth has nevertheless remained habitable. There are
many unknowns and mysteries about the
origins and evolution of life and Earth.
No less mysterious is how Planet Earth
and its life will co-evolve and develop
sustainably in the future. How will life
(from microbes to humans) adapt and
transform in response to future environmental changes? How will life continue
to shape Earth? How can we decipher
“planetary habitability” and illuminate
the sustainability of life on our planet
and beyond?
To date, we recognize through challenging missions to many frontiers of
Earth’s extreme environments that even
in dark and energetically challenging conditions, intraterrestrial ecosystems have adapted and evolved and persisted over billions of years. One of the
main tools for deciphering this past
co-evolution is analysis of samples collected at deeply drilled sites. Expanding
our knowledge of the ocean-Earth-life
system through scientific ocean drilling
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inspires new insights into the essence of
planetary habitability—
down to Earth’s
upper mantle, which for today’s drilling
technology is the deepest accessible limit.
Such explorations will lead to an understanding of how and why life emerged on
our planet, as well as an estimate (prediction) of the possible trajectories of life
on Earth. They will also provide hints as
to whether life persists on other celestial bodies, and which ones are the most
likely to be habitable and even inhabited.

DEEP BIOSPHERE FRONTIERS
Over recent decades, materials recovered
through scientific ocean drilling have
led to the discovery of microbial life in
deep-sea sediment and in Earth’s oceanic
crust. The latest estimate of global subseafloor microbial abundance is ~1029 cells,
accounting for 4 Gt of carbon biomass
on Earth (Lipp et al., 2008; Hinrichs and
Inagaki, 2012; Kallmeyer et al., 2012;
Parkes et al., 2014; Figure 1). DNA-based
molecular investigations have revealed
that diverse, but previously unknown,
microbial species (in three domains of
life: Bacteria, Archaea, and Eukarya) are

present in the deep subseafloor sedimentary biosphere, where they have evolved
differently from microbes living in Earth’s
surface biosphere (e.g., Biddle et al., 2006,
2008; Inagaki et al., 2006; Fry et al., 2008;
Orsi et al., 2013; Ciobanu et al., 2014).
Using a microfluidic digital polymerase
chain reaction (PCR) technique applied
to 300 deep-frozen sediment core samples, Hoshino and Inagaki (2019) demonstrated that archaeal cells constitute
37.3% of total subseafloor sedimentary
cells (i.e., 1.1 × 1029 archaeal cells). This
comprises a biomass comparable to the
estimated archaeal biomass in the global
ocean of 41.9% (Karner et al., 2001).
The activity of subseafloor microbial
communities is generally extraordinarily low (Hoehler and Jørgensen, 2013;
D’Hondt et al., 2004, 2015). In fact, extensive research into deep life using culture-
dependent as well as culture-independent
molecular and isotopic analyses demonstrates that many sedimentary microbes
are alive and can be revived after persisting in low-energy subseafloor habitats
over geologic time (Morono et al., 2011;
Trembath-Reichert et al., 2017). Their
“ultra-slow life” processes and strategies for long-term survival beneath the
ocean—and even below its thick ocean
sediment blanket—may have affected
global biogeochemical element cycles
(D’Hondt et al., 2002; Lever et al., 2013;
Bowles et al., 2014).
Biogeographical models and simulation studies show that up to 37%
of the global subseafloor sedimentary

environment is completely oxic, and thus
that aerobic microbial life inhabits the
entire sediment column from the seafloor down to the sediment-basement
interface. These microbes have not fully
consumed the available organic matter or the dissolved oxygen (D’Hondt
et al., 2015; Estes et al., 2019; see also
Orcutt et al., 2012), suggesting that there
are no limits to subseafloor life in openocean sedimentary environments, and
that the subseafloor sedimentary microbial ecosystems have developed an eco-
physiological mode of persistence and
survival over geologic time. In addition, ultra-slow metabolic activities
(although we don’t know the details yet),
as well as their end products—dead biomass (i.e., necromass, detrital proteins),
spores, and even viruses—may play significant ecological and evolutionary roles
in Earth’s deep biosphere (Lomstein et al.,
2012; Lloyd et al., 2013; Engelhardt et al.,
2014; Wörmer et al., 2019). Consequently,
the deep subseafloor biosphere is possibly
an important driver of element transformation and cycling between Earth’s lithosphere, hydrosphere, and atmosphere.

THE LIMITS OF DEEP LIFE
AND THE BIOSPHERE
To date, microbial life has been observed
down to ~2.5 km below the seafloor on
Pacific margins in organic-rich anaerobic sedimentary environments (Ciobanu
et al., 2014; Inagaki et al., 2015). Multiple
lines of analytical evidence from samples recovered in 2012 by the riser drilling vessel Chikyu during Integrated
Ocean Drilling Program Expedition 337
“Deep Coalbed Biosphere off Shimokita”
revealed that deeply buried microbial
communities have played biogeochemical roles in carbon and other elemental
cycling for millions of years, despite their
extraordinarily slow metabolic activity. For example, using a stable isotope-
probing nanometer-scale secondary
ion mass spectrometry technique (SIPNanoSIMS), it was demonstrated that
indigenous bacteria slowly utilize methyl
compounds in 20-million-year-old coal
and shale beds at 2 km depth (Inagaki
et al., 2015; Trembath-Reichert et al.,
2017; Figure 2). Interestingly, the diversity of microbial communities in these
deeply buried coal-associated habitats

FIGURE 1. A microscopic view of microbial life in a subseafloor sediment core sample obtained during
drilling vessel Chikyu’s shakedown expedition CK06-06 off Shimokita Peninsula, Japan. Green particles represent microbial cells, in which intracellular DNA is stained with a green fluorescent dye
(Morono et al., 2009). The average cell is 200–500 nanometers in diameter. Photo credit: JAMSTEC

was found to be very different from commonly observed subseafloor sedimentary
microbes. In fact, they resemble anaerobic terrestrial communities living in peat
or forest soil and can be cultivated by
using down-hanging sponge bioreactors
(Inagaki et al., 2015; Imachi et al., 2019).
Furthermore, diverse fungal species of
both Ascomycota and Basidiomycota isolated from the lignite coal and shale samples resemble terrestrial wood-rotting
fungal communities (Liu et al., 2017).
These discoveries indicate that some of
the active and revivable microorganisms
are derived from the original depositional
environments (referred to as “paleome”;
Inagaki et al., 2006, 2012; Coolen et al.,
2013; Kirkpatrick et al., 2016; Orsi et al.,
2017) and persist in energy-limited sedimentary habitat over geologic time periods (Walsh et al., 2016; Jørgensen and
Marshall, 2016; Starnawski et al., 2017).
In addition, the deeply buried microbial
cells could be transported back toward
the surface through mud volcanism,
which occurs globally along convergent margins, and dispersed as “deep-
biosphere seeds” into the ocean (Hoshino
et al., 2017; Ijiri et al., 2018). These natural seeding pipelines may be important for sustainability of deep subseafloor
microbial ecosystems. But what factors
limit the size, diversity, functionality, and
extent of the deep subseafloor biosphere?
Recent advances in scientific ocean

FIGURE 2. A microscopic image of a microbial cell (light blue) on a 2 km deep, 20-million-
year-old lignite (coal) particle (black) obtained
during Chikyu’s Integrated Ocean Drilling
Program Expedition 337 (Site C0020;
Inagaki et al., 2015; Trembath-Reichert et al.,
2017). The microbial cell is approximately
500 nm in length. Photo courtesy of Elizabeth
Trembath-Reichert, Caltech
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drilling during the International Ocean
Discovery Program (IODP), coupled
with super-clean geomicrobiology facilities both at sea and on shore and with
novel high-precision isotope geochemistry and microbiological techniques, will
greatly enhance our knowledge of the limits and functionality of deep microbial life
(e.g., IODP Expedition 370 “Temperature
Limit of the Deep Biosphere off Muroto”;
Heuer et al., 2017). To maintain essential life functions, not only geophysical constraints, such as temperature, but
also the supply of water and bio-available
nutrients and energy sources are crucial (Hoehler and Jørgensen, 2013; Lever
et al., 2015; Jørgensen and Marshall,
2016; LaRowe et al., 2017; Ijiri et al.,
2018; Tanikawa et al., 2018; Parkes et al.,
2019). It may follow that this geosphere-
biosphere interaction must be the essential driving force not only for Earth’s deep
biosphere but also for any possible ecosystems on Mars and other celestial bodies (Dzaugis et al., 2018: Yung et al., 2018;
Stamenković et al., 2019).

PLANETARY HABITABILITY
AND SUSTAINABILITY
Exploring biosphere frontiers through
scientific ocean drilling will elucidate how
the habitable world has been established
and co-evolved with Earth’s other subsystems and how the biosphere has responded
to some drastic environmental changes
during Earth history (see Challenge 7 in
the IODP science plan for 2013–2024,
available at https://www.iodp.org/aboutiodp/ i odp-science-  p lan-2013-2023).
Traditionally, biological evolution and
geological evolution have been studied
separately, and as a consequence were
considered to be different from each
other. More recent views in geobiology
and astrobiology make it clear that these
two “spheres” (the biosphere and the
geosphere) have systematically cooperated to evolve together for more than
3 billion years, with each adapting to and
shaping the other. When rapid geological changes have occurred (e.g., asteroid impacts, oceanic anoxic events), life
214
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has responded with mass extinctions and
(sometimes a quick) recovery, and over
the course of Earth history, it is estimated
that 99% (or more) of all species that ever
existed have gone extinct (Barnosky et al.,
2011; Lowery et al., 2018). Nevertheless,
it remains uncertain whether environmental perturbations have historically
occurred in the deep subseafloor biosphere and whether any life has ever
gone extinct there.
In principle, life evolves with energy
flow in Earth’s many entropy-increasing
systems. But, it remains a matter of debate
as to whether such co-evolution of Earth’s
systems will be (more) resilient and sustainable in the future. For example, is
plate tectonics absolutely required for
the origin and long-term evolution of life
on Earth (and other planets)? Sleep et al.
(2011, 2012) suggest that CO2 sequestration in the mantle during the Hadean
was a necessary condition for making
Earth’s surface environment habitable by
increasing O2 in the atmosphere through
photosynthesis. But, within this context,
how did Earth generate unstable forms of
prebiotic molecules that polymerized and
that developed the ability to recognize
surroundings (and even itself) in multiple dimensions and time?
It is worth noting here that such evolutionary multisphere interactions may
have occurred and likely will occur repeatedly in the future. Since the Industrial
Revolution in the eighteenth century—
thus, within the Anthropocene—humanity and associated economic development
have resulted in serious global issues,
including global warming, ocean acidification, and the subsequent ecosystem
changes that will be preserved in the geologic record (Steffen et al., 2015; Waters
et al., 2016). Human influences are forcing the ocean and Earth’s surface environment more than ever before, possibly
with greater impacts than astronomical
and geological factors like asteroids and
super-volcano eruptions. What environmental factors constrained or forced
co-evolution of life and Earth in the past
and will do so in the present and the

future? How is Earth’s deep biosphere
energetically connected to the dynamics of other subsystems? And how does
humanity understand these (developing) threats to our planetary habitability
and utilize this knowledge for developing a sustainable ocean-Earth-life system
in the future?

EXPLORING EARTH’S MANTLE
THROUGH SCIENTIFIC OCEAN
DRILLING
Understanding and predicting the evolution of life (including humanity) and its
effect on the ocean-Earth-life system has
long been challenging. To tackle these
issues important to science and human
society, we need to strengthen both
basic and applied sciences in a transdisciplinary and global manner. Our
core understanding of planetary habitability can be enhanced only by collecting multidisciplinary observations
and by finding patterns through scientific exploration. Core-log-seismicobservatory-experimentation plays an
integral part in this mission to help
unravel anticipated natural behaviors as
well as any possible global anthropogenic
consequences in the future. For example,
during Earth history, biosphere activity
(including surface photosynthesis and
subsurface microbial activity) has significantly modified the redox state of the
crust and mantle (Sleep et al., 2012; Bell
et al., 2015; D’Hondt et al., 2015). These
geosphere-biosphere interactions may
have created various redox-sensitive minerals in the surface and subsurface and at
any major boundary, which may be necessary for the diversification of both life and
minerals (Hazen et al., 2008). CO2 in both
the hydrosphere and the atmosphere has
been continuously sequestered in (ultra)
mafic rocks, and the carbonates trapped
within the oceanic crust are expected to
return to the deep mantle at subduction
zones. Even though the modern Earth
is much cooler than the ancient, such
systematic natural reactions and recycling of elements still continuously occur
and evolve along with humanity and the

biosphere. Deep drilling into the ocean’s
thick accumulations of sediment and into
other ocean regions provides an opportunity to study the vast history of and
potential for the development of sustainable ocean-Earth-life systems.
Large gaps in our knowledge of the
habitability of our own planet remain.
Systematic understanding of “habitability
dynamics” on Earth can only be addressed
by scientific ocean drilling and through
collecting long-term observations of
the interactions of these multi-spheres.
Scientific ocean drilling using Chikyu to
drill down to the upper mantle—all the
way through the Mohorovičić discontinuity (or Moho) as recognized in geophysical data—will deepen our knowledge of planetary habitability and its
sustainability (Figure 3). Other example targets include geosphere-biosphere
co-evolution along a transect from midocean spreading ridge hydrothermal systems to the aerobic and stable open ocean
lithosphere, as well as co-evolution in
subduction zones where seawater penetrates the overriding plate and serpentinization occurs with increasing
temperature and pressure. Continued
international, transdisciplinary collaborations among the scientific ocean drilling community will help us to illuminate
the trajectory of life and humanity with
Earth’s planetary system from deep geologic time to the present, and into the
near future, and the deep future.
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