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ABSTRACT. The most recent decadal phase of scientific ocean drilling through the
International Ocean Discovery Program (IODP) has resulted in paradigm-shifting

understanding of life below the seafloor. Enabled by new drilling and coring approaches,

cutting-edge methodologies, and novel observatory science, IODP expeditions have

significantly advanced understanding of the amount and diversity of subseafloor life,

the metabolic strategies that this life uses to survive under extreme energy limita-

tion, and consequences of this life for the Earth system. Here, we summarize high-

lights from recent IODP expeditions focused on life beneath the seafloor and empha-

size remaining major science challenges in investigating the form and function of life

in this environment.

INTRODUCTION
Study of subseafloor life is a central objec-
tive of the International Ocean Discovery
Program (IODP) and its immediate pre-
decessor, the Integrated Ocean Drilling
Program. Exploration of “Biosphere
Frontiers,” one of four guiding themes of
the IODP Science Plan 2013-2023 (IODP,
2011), includes three challenges: What
are the origin, composition, and global
significance of subseafloor communities?
What are the limits of life in the subsea-
floor? How sensitive are ecosystems and
biodiversity to environmental change?
The first two challenges focus solely on
subseafloor life. They guide the biologi-
cal objectives of individual drilling expe-
ditions. They also guide IODP decisions
about shipboard facilities, sampling pro-
cedures, and shipboard measurements.
Within the context of the current IODP
Science Plan, the ultimate objective is to
use scientific ocean drilling to advance
understanding of:
= The composition and diversity of sub-
seafloor communities, the processes
by which they are established, and the
ease by which they disperse and find
new resources
= The physical and chemical limits to life
in the subseafloor, including mech-
anisms that microbes use to gener-
ate energy and fix carbon far from the
influence of Earth’s surface (photo-
synthetic) environments (IODP, 2011).
A wide range of projects has used
Deep Sea Drilling Project (DSDP), Ocean
Drilling Program (ODP), and IODP sam-
ples and data to address these challenges.
Most have been scientific ocean drilling

expeditions dedicated to study of subsea-
floor life and the deep biosphere. A few
have been ancillary programs on expedi-
tions with other central foci (such as pale-
oceanography). Other projects have used
archived data and/or samples from DSDP,
ODP, and IODP to identify global pat-
terns of subseafloor life and habitability.
Here, we describe some of the major dis-
coveries that have resulted from these sci-
entific ocean drilling projects, beginning
with dedicated expeditions and ending
with studies that mined samples or data.

PRE-IODP EXPLORATION OF
SUBSEAFLOOR LIFE

Deliberate exploration of subseafloor
life began during DSDP. A serious pro-
gram of DSDP porewater chemical mea-
surements began with DSDP Leg 15
(Caribbean Sea) in 1970 (Broecker,
1973). Within a few years, concentration
profiles and stable isotopic signatures of
methane (CH,) and sulfate (SO2°) pro-
vided the
bial activity occurs deep in marine sed-

first evidence that micro-

iment, even at burial depths as great as
800 m and in sediment that has been bur-
ied for tens of millions of years (Claypool
and Kaplan, 1974). Subsequently, direct
measurements of CH, concentrations
in incubations of DSDP Leg 64 (Gulf of
California) sediment showed that meth-
ane is produced in sediment recovered
from depths as great as 12 meters below
seafloor (mbsf) (Oremland et al., 1982).
This demonstration was bolstered by
the discovery of organic molecules typ-
ical of methanogens in the sediment of
a Leg 64 site (Thomson et al., 1982). On

the last two DSDP expeditions (Legs 95
and 96), radiotracer incubations were
introduced to the shipboard scientific
arsenal to identify sulfate-reducing and
methanogenic activity in sediment recov-
ered from depths as great as 167 mbsf in
the Gulf of Mexico (Whelan et al., 1986)
and the New Jersey Margin (Tarafa and
Whelan, 1987). A deliberate objective of
these DSDP radiotracer studies was to
develop methodology for microbiologi-
cal experiments on future ODP expedi-
tions (Whelan et al., 1986).

Early in ODP, direct counts on core
samples from multiple expeditions
showed microbial cells to be ubiqui-
tous in subseafloor sediment throughout
much of the ocean (Parkes et al., 1994).
ODP radiotracer studies showed that
SOZ reduction, CH, production, and
CH, oxidation occur in continental mar-
gin sediment throughout the world ocean
(Parkes et al., 2000). Research with con-
tamination tracers during Leg 185 (Izu-
Mariana Margin) showed the influence
of drilling contamination to be so low
that the vast majority of cells in ODP pis-
ton cores are indigenous to the sediment
(D.C. Smith et al., 2000).

Other studies of ODP core samples
suggested that microbial life and activity
might be ubiquitous in the igneous crust
that underlies marine sediment. Fisk and
colleagues (1998) showed that altered
surfaces of subseafloor basalt from DSDP
and ODP core samples from the Atlantic,
Pacific, and Indian Oceans display tex-
tures suggestive of microbial coloniza-
tion. Torsvik and coauthors (1998) found
evidence of DNA in the altered surfaces
of subseafloor lava from ODP Hole 896A
(Costa Rica Rift). Cowen and colleagues
(2003) sampled the hydrologic observa-
tory at ODP Hole 1026B (Juan de Fuca
Ridge flank) to discover that bacteria
and archaea are abundant in warm water
flowing through subseafloor basalt. Other
studies of the same site documented con-
nectivity between microbial communi-
ties in the sediment and communities in
the underlying basement (Engelen et al,,
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2008) and identified the predominant
origin of dissolved organic carbon in the
basaltic aquifer from microbial commu-
nities that subsist on inorganic chemicals
(McCarthy et al., 2011).

ODP Leg 201, the first ocean drill-
ing expedition dedicated solely to study
of subseafloor life, occurred late in ODP
(2002). It laid the foundation for IODP
studies of subseafloor life by bringing
large numbers of microbiologists and bio-
geochemists into the field and advanc-
ing understanding on multiple fronts.
Leg 201 explored the subseafloor sedi-
mentary ecosystems of the Peru margin
and the equatorial Pacific. The expedi-
tion showed that subseafloor sedimentary
communities are characterized by diverse
metabolic activities (D’Hondt et al., 2004),
including previously unknown activities
(microbial production of ethane and pro-
pane; Hinrichs et al., 2006), and by diverse
bacterial and archaeal taxa (D’Hondt
et al., 2004; Inagaki et al., 2006). Most of
the sedimentary cells were found to have
been active recently enough that they con-
tained detectable RNA concentrations
(Schippers et al., 2005). Study of the bulk
RNA pool in sediment samples from Peru
margin Site 1227 indicated that the active
community in the subseafloor sulfate-
reducing methane-oxidizing zone is very
different than the active communities in
the sediment above and below that zone
(Serensen and Teske, 2006). Both Bacteria
(Schippers et al., 2005; Schippers and
Neretin, 2006) and Archaea (Biddle et al.,
2006, 2008; Lipp et al., 2008) are abundant
in Leg 201 sediment. Although cell abun-
dance and community metabolic activity
generally decrease exponentially with sed-
iment depth, cell concentrations and rates
of potential activities can be much higher
at subseafloor sulfate-methane transitions
than in the overlying or underlying sedi-
ment (Parkes et al., 2005).

For more than a decade, study of
archived samples and data from Leg 201
has continued to advance understanding
of subseafloor life. For example, organic
geochemical study of Leg 201 samples
stored at —80°C showed that endospores
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(compositionally distinct dormant bac-
terial cells) are as abundant as vegetative
(metabolically active) cells in Peru margin
sediment, and amino-acid racemization
(molecular handedness) data indicate that
microbial biomass turnover times range
from centuries to millennia (Lomstein
et al,, 2012). Study of community RNA
signatures in archived Leg 201 samples
indicated that subseafloor sedimentary
microbes engage in a wide range of met-
abolic activities, repair DNA, undertake
some degree of cell division, and span all
three domains of life (Bacteria, Archaea,
Eukarya) (Orsi et al., 2013).

A few studies used data or samples
from many DSDP and ODP expeditions
to advance understanding of subseafloor
life. D’Hondt and colleagues (2002) inte-
grated chemical and microbiological
data from DSDP and ODP expeditions
through ODP Leg 182 to show that most
subseafloor catabolic activity occurs
in a relatively narrow zone of sulfate-
reducing methane oxidation along con-
tinental margins, that methane is pro-
duced in anoxic sediment throughout
the world ocean (whether dissolved sul-
fate is present or absent), and that per-
cell respiration rates are orders of magni-
tude lower in subseafloor sediment than
in the surface world. Bach and Edwards
(2003) analyzed data from multiple
DSDP and ODP sites to infer that most
oxidation of subseafloor igneous crust
occurs within 10-20 million years follow-
ing crust formation at mid-ocean-ridge
spreading centers. Their quantification
of basaltic-crust oxidation rates indi-
cates that water-rock reactions may sup-
port a significant quantity of microbial
life within mid-ocean-ridge flank sys-
tems. Inagaki and colleagues (2006) used
genomic techniques to identify bacte-
rial and archaeal taxa in subseafloor
sediment samples from three different
regions of the ocean—the eastern equato-
rial Pacific (ODP Leg 201), the Peru mar-
gin (Leg 201) and the Cascadia margin
(ODP Leg 204). Their results significantly
advanced understanding of subseafloor
biogeography by demonstrating that

(1) similar subseafloor sedimentary envi-
ronments in distant parts of the ocean
contain similar microbial communities,
and that (2) the communities of differ-
ent subseafloor environments (hydrate-
bearing sediment vs. hydrate-free sedi-
ment) differ significantly.

MAJOR IODP SUBSURFACE

LIFE DISCOVERIES

Life in Subseafloor Sediment

There are many good reasons to study
microbial life in subseafloor sedi-
ment. Although the community struc-
ture, metabolic interactions, and origin
of subseafloor sedimentary communi-
ties are poorly known, sediment chemis-
try studies show that they strongly influ-
ence Earth’s near-surface biogeochemical
cycles (Bowles et al., 2014). In affect-
ing these cycles, subseafloor sedimen-
tary communities directly affect Earth’s
climate and surface oxidation state.
These communities provide an accessi-
ble model for subsurface sedimentary
life on other worlds. The environmental
variation in subseafloor sediment pro-
vides exciting opportunities to test limits
to life on Earth (Morita and Zobell, 1955;
LaRowe et al., 2017).

During IODP, several expeditions
dedicated to the study of subseafloor
life, some expeditions of opportunity,
and several post-expedition syntheses of
IODP data and samples have focused on
(1) documenting the composition, global
significance, and origin of microbial life
in subseafloor sediment; and (2) testing
the limits to life in subseafloor sediment.
We briefly describe some of these scien-
tific ocean drilling expeditions and their
primary discoveries below.

The Origin and Composition

of Subseafloor Sedimentary
Communities (Terrestrial Life Deep
Beneath the Seafloor)

IODP Expedition 337 in 2012 discov-
ered the most deeply buried subseafloor
microbial communities to date (Inagaki
et al., 2015; Figure 1). Using the riser
drilling technology of D/V  Chikyu,



Expedition 337 cored more deeply than
any previous scientific ocean drill-
ing expedition—2,466 mbsf—to study
microbial life and biogeochemical pro-
cesses in terrigenous coal and shale under-
lying marine sediment off Shimokita,
Japan (Inagaki et al, 2015). In doing
so, the expedition yielded fundamental
insight about the origin and persistence
of deep subseafloor communities.

The microorganisms that inhabit the
~20 million-year-old subseafloor coal-
beds are most closely related to lineages
found in peat or modern tropical forest
soil (Inagaki et al., 2015). Furthermore,
diverse fungal species (Ascomycota and
Basidiomycota) related to terrestrial
wood-rotting fungi were isolated from a
thin layer of soft brown coal at 2,457 mbsf,
interbedded with sand (Liu et al., 2016).
These coal-associated microbial com-
munities are highly distinct from com-
monly observed subseafloor sedimentary
microbes, which are typically of marine
origin. This discovery suggests that the in

situ communities are relicts of the original
depositional communities that inhabited
continental soils or swamps ~20 million
years ago, rather than microbial migrants
into the coal from the ocean or elsewhere
in the subseafloor.

Geochemical and microbiological data
indicate that this coal-associated deep
subseafloor ecosystem contains hetero-
trophs that may be active in situ (Inagaki
et al., 2015; Glombitza et al., 2016). Post-
expedition cultivation experiments show
that microbes from the 2 km deep sed-
iment are capable of feeding on sim-
ple organic compounds, but are char-
acterized by biomass generation times
exceeding hundreds of years, even
under laboratory incubation conditions
(Trembath-Reichert et al., 2017; Figure 2).
Position-specific analysis of stable car-
bon isotopes of lignite-derived methoxy
groups (methyl groups bound with oxy-
gen) suggests their transformation into
methane by methanogenic communities
over geologic time (Lloyd, 2018).
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FIGURE 1. Cell concentrations in marine sediment. The yellow dots clus-
tered around 2,466 meters below seafloor line identify cell concentra-
tions in the deepest subseafloor sediment samples examined for life to
date (IODP Expedition 337 Site C0020; Inagaki et al., 2015). MQL = mini-
mum quantification limit for sedimentary microbial cells.
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The Limit to Life in

Subseafloor Sediment

IODP Expedition 329 (2010) showed that
there is no limit to sedimentary life in
the largest ocean desert (D’'Hondt et al,,
2015). More than 60 years ago, Morita
and ZoBell (1955) studied shallow grav-
ity cores to report “the lower limits of
the biosphere” at 3.9-7.5 mbsf in abys-
sal clay of the oligotrophic North Pacific
Gyre. Expedition 329 set out to test their
claim in subseafloor clay of the most oli-
gotrophic region in the world ocean—the
South Pacific Gyre. Expedition 329 found
that low concentrations of microbial
cells and low rates of microbial respira-
tion occur throughout the sediment col-
umn in this region, even in sediment
deposited more than 100 million years
ago (D’Hondt et al, 2015). The sedi-
ment is so thin and respiration rates are
so low that dissolved oxygen penetrates
the entire sediment column, from sea-
floor to the sediment/basement inter-
face (Figure 3). As in anoxic sediment

ge

&

FIGURE 2. A NanoSIMS image of subseafloor sedimentary cells

that incorporated *C from a mixture of stable isotope (*C)-labeled

amino acids, showing that microbial life in ~2 km deep coal forma-
tion is metabolically active (see Table T13 in Inagaki et al., 2013;
Trembath-Reichert et al., 2017). The color gradient represents *C
abundance expressed as
and Motoo Ito, JAMSTEC

BC/2C. Figure courtesy of Yuki Morono
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and in the ocean, abundances of virus-
like particles exceed microbial cell abun-
dances by one to two orders of magnitude
(Engelhardt et al., 2014).

As described above, Expedition 337
demonstrated that microbial life extends

floor in thick nearshore sediment (off
Shimokita, Japan). To quantify microbial
cells at extremely low concentrations so
deep beneath the seafloor, novel tech-
niques were established to improve cell
enumeration by four to five orders of

more than 2 km beneath the ocean magnitude relative to the conventional

FIGURE 3. Geographic distributions of predominant net electron-accepting activities in subseafloor
sediment. Sulfate reduction is the predominant net electron-accepting activity in the white regions.
Oxygen reduction is the dominant net electron-accepting activity from seafloor to the sediment/
basement interface in the dark blue regions and perhaps the light blue regions. Figure modified

from D’Hondt et al. (2015)

How hot is too hot for Earth-style life?
International research mission seeks temperature limit to life deep beneath the seafloor
JAPAN

D/V Chikyu: World's largest scientific
research vessel, capable of sampling
to 7,000 meters below the seafloor.

L]
RESEARCH SITE
0 meters

Cores: Scientists hope to find
longer survives in

collected down to 1.2 k
below the seafloor.

EURASIAN PLATE

FIGURE 4. How deep is Earth’s habitable zone? What are the factors that limit life’s maximum
depths? IODP Expedition 370 “Temperature-Limit of the Deep Biosphere off Muroto (T-Limit)” tack-
led these fundamental questions by drilling through the sediments at Site CO023 in the central
Nankai Trough off Cape Muroto, Japan (Hinrichs et al., 2016; Heuer et al., 2017). Anomalously high
heat flow regimes in this area result in temperature of 120°C at the sediment-basement interface
and make the site an ideal target for in-depth examination of subseafloor microbial life close its
upper temperature limit. Figure courtesy of Deep Carbon Observatory and JAMSTEC
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manual counting techniques (Morono
et al., 2013; Morono and Inagaki, 2016).
The
~10% to 10° cells cm~3, with local peaks in

resulting concentrations were
the brown coal horizons. These low con-
centrations suggest that this deeply bur-
ied sediment, with moderately elevated
temperatures of 40°C to 60°C, may be
situated close to the limit of habitability.
Based on thermal data (Tanikawa et al.,
2016), temperature-related increases in
energetic costs of biomolecule repair
may place an important constraint on
the viability and size of subseafloor com-
munities (Inagaki et al., 2015). It is also
conceivable that physical factors such
as low porosity, low permeability, and
low free-water availability influence key
fluxes of fluids, nutrients, and waste
products in this semi-closed sedimen-
tary basin (Tanikawa et al., 2018).

Temperature is commonly hypoth-
esized to estimate the lower boundary
of the deep biosphere (LaRowe et al,
2017). The currently known high-tem-
perature limit of life for microorganisms
from energy-rich hydrothermal vents is
122°C (Takai et al., 2008). However, lit-
tle is known about the temperature limit
to subseafloor life. Two IODP expedi-
tions have focused on this issue. IODP
Expedition 331 (2010) tackled this chal-
lenge by drilling in the Theya North
hydrothermal field, which lies within
the Okinawa Trough, an actively spread-
ing back-arc basin. At Expedition 331
sites, evidence of subseafloor micro-
bial communities was limited to the first
10-30 mbsf, which were characterized by
relatively cool temperatures (less than a
few tens of degrees Celsius). The absence
of identifiable life at greater depths was
interpreted as possibly due to recent ster-
ilization by intense subseafloor hydro-
thermal activity (Brandt and House,
2016; Yanagawa et al., 2016).

To extensively study the influence of
temperature in a more stable subsea-
floor environment, IODP Expedition 370
(2016) cored a 1.2 km thick sediment
sequence where the thermal gradient is
much less steep, but temperature reaches



~120°C at the sediment-basement inter-
face (Hinrichs et al., 2016; Heuer et al.,
2017; Figure 4). This sequence is in a
well-characterized geological setting—
along the Muroto Transect in the Nankai
Trough off Japan. The coring site, IODP
Site C0023, is located at the seaward
end of the Nankai Trough accretion-
ary prism, where the Shikoku Basin sub-
ducts beneath Japan. The 1.2 km of recov-
ered subseafloor sediment thus spanned
the range of suitable conditions for
psychrophilic (optimal growth tempera-
ture range <20°C), mesophilic (20°C
to 43°C), thermophilic (43°C to 80°C),
and hyperthermophilic (>80°C) micro-
organisms. In order to effectively study
very low-biomass communities at the
limit of the biosphere, Expedition 370
researchers made an unprecedented
effort to trace and minimize contamina-
tion of core samples, including in the pro-
cesses of X-ray CT scans of cores before
sampling and super-clean shore-based
subsampling technologies (Heuer et al,
2017; Morono et al., 2018). Selected sam-
ples were transported daily by helicop-
ter to the Kochi Core Center for micro-
biological analyses. In 2018, scientists
used JAMSTEC’s R/V Kairei and remotely
operated vehicle (ROV) Kaiko to recover
a 1.5 year record of in situ temperature
data from an observatory installed in
the drill hole. The data and samples from
Expedition 370 and the post-drilling
ROV expedition are now being analyzed
to pinpoint the thermal limit to subsea-
floor sedimentary life.

The Composition and

Global Significance of Life in
Subseafloor Sediment

Several studies have used IODP data or
samples from expeditions of opportunity
to advance understanding of subseafloor
sedimentary communities. For exam-
ple, participants in IODP Expedition 317
(2010) found microbial communities
present to nearly 2 km below seafloor
in the Canterbury Basin (New Zealand)
that contained members from all three
domains of life (Ciobanu et al., 2014).

Bering Sea IODP Expedition 323 (2009)
scientists showed that taxonomic rich-
ness of marine sedimentary commu-
nities declines exponentially with sed-
iment age and organic oxidation rate
(Walsh et al,, 2016). Other studies have
used IODP data or samples from multi-
ple expeditions to quantify global distri-
butions of several key properties of sub-
seafloor ecosystems, including microbial
abundance and biomass in sediment
(Kallmeyer et al, 2012), sedimentary
microbial activities (Bowles et al., 2014;
D’Hondt et al., 2015), potential thermal
limits to sedimentary life (LaRowe et al.,
2017), and relative abundances and diver-
sities of Bacteria and Archaea (Hoshino
and Inagaki, 2018). The last study found
archaea to comprise 37% of the prokary-
otic (bacterial and archaeal) cells in sub-
seafloor sediment (similar to their rela-
tive abundance in the deep ocean).

Life in Subseafloor Crust

A rocky crust consisting mainly of basalt,
but also including gabbro, peridotite, and
serpentinite, exists beneath the sediment
that blankets most of the seafloor. This
rocky crust is a potentially expansive hab-
itat for life (Edwards et al., 2011, 2012a;
Orcutt et al., 2011b). However, before the
current phase of the scientific ocean drill-
ing program, there were few studies of
microbial life and its consequences in this
environment. Uncovering whether and
how life exists in oceanic crust is import-
ant because (1) chemical reactions in the
crust impact broader ocean systems, (2) it
is a great analog for extraterrestrial life on
other ocean worlds, and (3) it will greatly
advance understanding of microbial
mechanisms for survival between a “rock
and a hard place” (IODP, 2011).

In the current phase of IODP, several
major expeditions and observatory pro-
grams have focused on documenting the
nature, extent, and function of microbial
life in oceanic crust, augmented by addi-
tional studies on expeditions of opportu-
nity. We briefly describe these scientific
ocean drilling expeditions and their pri-
mary discoveries below.

The Composition and Origin of
Subseafloor Crustal Communities
IODP expeditions have targeted the ori-
gin and composition of subseafloor
life in diverse crustal environments,
including warm anoxic aquifers (IODP
Expeditions 301, 327) and cool oxic aqui-
fers (IODP Expeditions 329, 336), basalt
of the upper crust (Expeditions 327, 329,
330, 336) and gabbro of the lower crust
(Expedition 360), young crust (less than
10 million years old; Expeditions 301,
327, 336) and old crust (up to 100 million
years old; Expeditions 329, 330), normal
seafloor (Expeditions 327, 329, 336, 360),
ultramafic crust (Expedition 357), and
seamounts (Expedition 330).

Three of these expeditions, 301 (2004),
327 (2010), and 336 (2011) set up
observatories for long-term studies of
microbial communities in crustal aqui-
fers (Figures 5 and 6). Expeditions 301
(2004) and 327 (2010) built on the long
history of research on the Juan de Fuca
Ridge (following the earlier work of ODP
Leg 168) to examine fluid-flow proper-
ties and the nature of life in oceanic crust.
Expeditions 301 and 327 drilled multi-
ple holes into basement and installed four

FIGURE 5. CORK borehole observatories, like
this one installed by IODP Expedition 336 at the
North Pond site on the Mid-Atlantic Ridge, allow
access to the deep biosphere in oceanic crust.
Photo courtesy of AT39-01 cruise chief scientist
C. Geoff Wheat, University of Alaska Fairbanks,
US National Science Foundation, ROV Jason,
2017, © Woods Hole Oceanographic Institution
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state-of-the-art borehole observatories to
enable long-term microbiological stud-
ies. In addition, Expedition 327 cored
several holes at a location where fluid
was suspected to flow into the basement
in order to study transitions of microbial
communities from seawater, overlying
sediment, and within basement (Fisher
et al., 2011). Expedition 336 (2011) built
on a decades-long history of ocean drill-
ing and observatory science at Hole 395A
(DSDP Leg 45) on the western flank of
the Mid-Atlantic Ridge (Figure 6). This
expedition focused on documenting the
nature of life in cool basaltic ocean crust,
which constitutes much of the global sub-
seafloor (Edwards et al., 2014). It cored
the entire sediment column and upper
basaltic basement and installed three
borehole observatories.

IODP Expeditions 301, 327, and
336 enabled unprecedented discover-
ies regarding the composition and struc-
ture of subseafloor crustal communi-
ties. Direct study of rock recovered by
Expedition 301 provided evidence for
microbial methane and sulfur cycling
within the crust of the Juan de Fuca
Ridge flank (Lever et al., 2013). Rock col-
onization experiments in the 301 and
327 observatories revealed the dynamic
nature of microbial biofilms that form on
rock surfaces in this warm anoxic habitat
(Figure 7). Microbes readily colonize rock

substrates incubated in the subseafloor
crustal boreholes (Orcutt et al., 2011a;
A. Smith et al., 2011). Temperature plays
an important role in structuring the bio-
film communities that colonize the incu-
bated substrates (Baquiran et al., 2016).
Comparison of the observatory results to
sedimentary communities indicates that
proximity to basement and/or seawater
recharge locations does not impact sed-
imentary community structure (LaBonté
et al., 2017), even though fluid diffuses
from the permeable oceanic crust into
sediment and stimulates microbial activ-
ity (Engelen et al., 2008). The first viral
study of subseafloor crust found that, as
in marine sediment and seawater, novel
archaeon-infecting viruses are an order
of magnitude more abundant than the
archaeal cells that might possibly host
them (Nigro et al, 2017). By measur-
ing nanoscale changes in heat capacity
during microbial growth, nanocalorim-
etry experiments with crustal fluid sam-
ples show that these microbial commu-
nities have potential for high metabolic
rates (Robador et al., 2016).

Expedition 336 studies demonstrated
that the subseafloor crustal habitat of the
mid-Atlantic North Pond is fundamen-
tally different than the warm anoxic hab-
itat explored by Expeditions 301 and 327
on the Juan de Fuca Ridge flank. The
North Pond system is relatively cool and

CORK observatories at North Pond, western flank of Mid-Atlantic Ridge
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oxic (Orcutt et al.,, 2013). Diffusion of
oxygen from the basaltic crust into the
overlying sediment stimulates a unique
nitrogen cycling microbial community
within the sediment (Reese et al., 2018).
Unlike the Juan de Fuca ecosystem, the
North Pond system exhibits significant
overlap in microbial community struc-
ture between basal sediment and the
basaltic rocks below, with both showing
dominance of Proteobacteria groups that
are also observed on exposed seafloor
basalts (Jorgensen and Zhao, 2016). Fluid
sampling from the North Pond observa-
tories shows that the ecological structure
of the planktonic microbial community
in the aquifer is relatively stable, despite
large shifts in dominant taxonomic
groups over time and space (Tully et al,,
2017). Although chemosynthetic carbon
fixation could be linked in this ecosys-
tem to oxidation of sulfide, elemental sul-
fur, thiosulfate, and hydrogen and ferrous
iron (Meyer et al, 2016; Tully et al,
2017), biological imprints on the organic-
carbon signature of fluid venting into the
overlying ocean indicates that organic-
fueled respiration exceeds organic pro-
duction within the ecosystem (Shah
Walter et al., 2018). Observatory stud-
ies continue at these sites, extending the
legacy of deep-biosphere observatory
research into a new era. Expedition 336
observatories were revisited in 2017, and

FIGURE 6. Schematic of bore-
hole observatories installed by
IODP Expedition 336 to study the
deep biosphere in cool oxic oce-
anic crust. The CORK and CORK-
Lite observatories enable micro-
bial colonization experiments at
depth within oceanic crust, as well
as collection of pristine crustal flu-
ids from depth. Modified with per-
mission of Edwards et al. (2012b)



FIGURE 7. Confocal laser scanning micrograph
of microbial colonization of mineral incuba-
tion experiments in subseafloor oceanic crust
on the Juan de Fuca Ridge flank (Orcutt et al.
20Ma). The orange dots are individual microbial
cells. Image dimensions 175 pm x 175 pm.

Expedition 327 observatories will be vis-
ited again in 2019.

Several recent IODP expeditions have
explored subseafloor life in crust envi-
ronments other than the relatively young
basaltic crust of Expeditions 301, 327,
and 336. Expedition 329 scientists are
testing the extent to which microbial
communities persist in cool, oxic sub-
seafloor crust of widely different ages,
ranging from 13.5 to 104 million years
old. Expedition 330 sampled older basal-
tic crust from submarine extinct volca-
noes in the Louisville Seamounts from
which a new species of a manganese
oxidizing bacillus was isolated (Sylvan
et al., 2015). Expedition 357 (2015) col-
lected samples of ultramafic crust from
an ocean core complex on the Mid-
Atlantic Ridge to examine microbial life
associated with serpentinization (Friih-
Green et al,, 2017). So far, results from
this expedition have documented very
low biomass in these shallow ultramafic
samples from an actively serpentiniz-
ing system, in contrast to the elevated
density of life in highly altered samples
from the nearby Lost City hydrother-
mal vent field (Frith-Green et al., 2018).
Expedition 360 (2016) collected gab-
bro from the lower oceanic crust at the
Southwest Indian Ridge, where initial
measurements indicated microbial life

in many of the samples (MacLeod et al,,
2017). Continued analyses of these sam-
ples will further expand our understand-
ing of the nature, extent, and activity of
life in the rocky subseafloor.

FUTURE RESEARCH

As described above, scientific ocean drill-
ing is greatly advancing understanding of
the quantity, diversity, and global signif-
icance of life in subseafloor sediment. It
is also significantly enhancing knowledge
of the composition and origin of com-
munities in subseafloor igneous crust.
These are major advances in the funda-
mental understanding of life on Earth as
they extend the known biosphere to sed-
iment depths as great as ~2.5 km below
seafloor (Inagaki et al., 2015) and to sed-
iment ages older than 100 million years
(D’Hondt et al., 2015). These advances
also radically challenge understanding
of the low-energy limit to life (Hoehler
and Jorgensen, 2013), because commu-
nities in subseafloor sediment appear to
survive at per-cell metabolic rates that are
orders of magnitude lower than rates in
the surface world (D’Hondt et al., 2002,
2015). Knowledge of the microbial fea-
tures and strategies that enable survival
at these extraordinarily low metabolic
rates will ultimately inform understand-
ing of the limits to intraterrestrial life
on Earth, the potential for life on other
worlds, and the nature of persister cells in
bacterial infections.

More complete understanding of sub-
seafloor life and its effects on the world we
live in requires a new generation of drill-
ing expeditions and projects. For exam-
ple, the limits to life remain unknown in
both subseafloor sediment and igneous
crust, because active microbial communi-
ties have been recovered from almost all
subseafloor environments cored to date.
More complete understanding will also
require much closer focus on the diverse
ways that organisms interact with each
other in subseafloor communities. The
global significance of subseafloor crustal
communities remains unknown, because
the extent to which those communities

drive chemical alteration in their habitats
is not yet clear. The processes by which
subseafloor communities are established,
and the ease by which they disperse and
find new resources, are not yet well under-
stood either. Finally, we do not yet fully
understand the diverse mechanisms that
they use to generate energy and fix car-
bon far from the influence of Earth’s sur-
face (photosynthetic) environments.
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