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Graphical abstract
Public summary

- This paper provides a comprehensive review on hadal geology, environment, and biology, as well as potential interactions

among them

- For the first time, we release high-definition images taken by a new full-ocean-depth manned submersible Fendouzhe

- The hydration of the hadal lithosphere is a driving force that influences a variety of sedimentary, geochemical, and
biological processes in the hadal trench

- The development of deep-sea technology and international cooperation will greatly promote the progress of hadal
science
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The hadal zone, mostly comprising of deep trenches and constituting of
the deepest part of the world’s oceans, represents the least explored
habitat but one of the last frontiers on our planet. The present scientific
understanding of the hadal environment is still relatively rudimentary,
particularly in comparison with that of shallower marine environments.
In the last 30 years, continuous efforts have been launched in deepening
our knowledge regarding the ecology of the hadal trench. However, the
geological and environmental processes that potentially affect the sedi-
mentary, geochemical and biological processes in hadal trenches have
received less attention. Here, we review recent advances in the geology,
biology, and environment of hadal trenches and offer a perspective of
the hadal science involved therein. For the first time, we release high-
definition images taken by a new full-ocean-depth manned submersible
Fendouzhe that reveal novel species with an unexpectedly high density,
outcrops of mantle and basaltic rocks, and anthropogenic pollutants at
the deepest point of the world’s ocean. We advocate that the hydration
of the hadal lithosphere is a driving force that influences a variety of sedi-
mentary, geochemical, and biological processes in the hadal trench.
Hadal lithosphere might host the Earth’s deepest subsurface microbial
ecosystem. Future research, combined with technological advances
and international cooperation, should focus on establishing the intrinsic
linkage of the geology, biology, and environment of the hadal trenches.

Keywords: hadal trench; full-ocean-depth manned submersible; Ma-
riana; subduction; marine pollution
INTRODUCTION
The hadal zone refers, in particular, to zones with 6,000 to 11,000mwater

depth. These zones comprise only 1%of theworld’s seafloor surfacearea but
are key hinge points of the Earth system.1,2 Although other geological units
suchas hadal troughs in deep-sea basins and trench faults nearbymid-ocean
ridges also fall within this range of depth, they are almost exclusively confined
to the ocean’s 37 deep-sea trenches, the so-called hadal trenches (Figure 1).
Tectonically, they are formed in subduction zoneswhere old, cold subducting
plates plunge beneath young, soft overriding plates, creating long but narrow
topographic V-shaped depressions.3 The tremendous depths that mark
fundamental breaks in the Earth’s lithosphere are controlled by several fac-
tors, including the sediment flux, the age of the incoming lithosphere, the
convergence rate, dip of the subducted oceanic plate, and the width of the
sinking plate.2,4 The nine deepest hadal trenches are located along the west-
ern arc of the Pacific Ocean. Among them, the Philippine, Mariana, Tonga,
Kermadec, and Kuril-Kamchatka Trenches are deeper than 10,000 m.

In the early stage of hadal trench research, Danish and Soviet scientists
have made tremendous contributions.8,9 Hadal trench exploration culmi-
nated in 1960 when Jacques Piccard and Donald Walsh reached the bottom
of the Challenger Deep by the manned bathyscaph Trieste. With the break-
through in hadal technologies in recent years, hadal trenches are becoming
ll
one of the most interesting subjects in the field of marine science. In March
2012, James Cameron piloted themanned submersible Deepsea Challenger
for scientific exploration to the Challenger Deep. More importantly, several
hadal research plans have been funded in the United States, Japan, the UK,
France, NewZealand, andChina. For instance, theHadal EcosystemsStudies
Program, supported by the United States, is a collaborative programaimed at
pursuing the foremost questions in hadal ecosystem sciencewith the help of
the full-ocean-depth unmanned submersible Nereus and imaging landers. A
collaboration between the UK and Japan, the Hadal Environment and Educa-
tional Program, deployed free-fall-baited imaging landers at hadal depths to
provide more insight into life in the hadal trenches.10 A 5-year program, the
Hadal Science andTechnologyProgram (HADSTEP), was also fundedbyChi-
nese Academy of Sciences in 2014. This program aimed to enhance the gen-
eral understanding of the geological, environmental, and life processes in the
deepest part of the Earth’s surface through developing full-ocean-depth tech-
nologies. In addition, using themanned submersible Limiting Factor, the Five
Deeps Expedition was conducted in 2018–2019 and 39 dives were
completed at the deepest points in each of the Earth’s five oceans. More
recently, in 2020, China successfully conducted a sea trial for its full-ocean-
depth manned submersible Fendouzhe, which was financed by the Ministry
of Science and Technology of China. Thirteen dives were completed at the
Challenge Deep of the southern Mariana Trench, eight of which exceeded
10,000 m, with a maximum dive depth of 10,909 m. High-definition images
and high-quality biological and geological samples were obtained during
the diving cruise. The rapid development of full-ocean technologies has pro-
vided the impetus for hadal exploration all over the world.

In the past 50 years, we have learnedmore about the ecology of the hadal
trench than we did in all the preceding time periods. Far from being devoid of
life as originally envisaged, we are now aware that hadal trenches host a di-
versity of hadal life with a high degree of endemism and high density.1,8 Ev-
idence for hadal trenchmicrobes that grow best at elevated hydrostatic pres-
sure has fostered the development of an unusual branch of microbiology,
high-pressuremicrobiology.11,12 To date, many piezophiles and piezotolerant
bacteria, whose phenotypical and genomic features are distinct from those
of the close relatives obtained from shallower environments, have been
isolated from hadal environments.13 It was reported that the microbial com-
munities in hadal water are enriched in potentially heterotrophic microbial
populations, while those in overlying abyssal water are dominated by poten-
tially chemolithotrophic populations.14 The hadal sediments harbormicrobial
communities with high cell abundance and highmetabolic activity, which are
largely related to the degradation of organic matter.14,15 The microbial com-
munity compositions and biogeographic diversification of microbial popula-
tions may be regulated by the trench geomorphology.15 A lot of efforts in
hadal fauna have also beenmade to determine the composition, distribution,
speciation and adaptation mechanism; and the role of pressure, food supply,
physiology, depth, and seafloor topography on hadal fauna.1,16,17 Fifty-eight
percent of the hadal fauna recovered are known to be endemic and survive
The Innovation 2, 100109, May 28, 2021 1

mailto:xtpeng@idsse.ac.cn
https://doi.org/10.1016/j.xinn.2021.100109
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xinn.2021.100109&domain=pdf


Figure 1. The distribution of hadal trenches over the world’s ocean Themapwas generated using the ETOPO1 database and GenericMapping Tools software. White color
shows areas with water depth greater than 6,000m. Dark red color highlights areas with water depths great than 9,000m in hadal trenches, which are exclusively located in
the Pacific Ocean. Values in small boxes show the maximum depth, the total area, the age of the subduction lithosphere, and the total flux of particulate organic carbon in
each hadal trench.2,5,6 Yellow, blue, green, and red dots represent four different clusters of hadal trenches, which are grouped on how geographically distant each hadal area
is from all other hadal areas.7
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in the hadal environment exclusively.18,19 The high hydrostatic pressure, the
lack of light, and the remoteness from surface-derived food supply creates
hostile living conditions for hadal life that are adapted to survive there. Recent
studies have raised and partly answered highly interesting and speculative
questions about the origin and evolution of hadal life.1,20

Compared to hadal ecology, our knowledge about hadal geology still re-
mains rather deficient. Current knowledge about hadal geology is largely
derived from geophysical techniques such as multibeam bathymetry and
multichannel seismic reflection.21,22 Those methods are powerful to provide
the regional-scale information on the tectonics and structural geology of the
subduction zone, but usually lack the spatial resolution needed for fine-scale
petrological research of the hadal trench. For example, although hydration of
lithosphere is known to occur on the overriding plate and incoming plate of
hadal trenches according to seismic reflection imaging,22,23 we know little
about the major rock types that outcrop on the hadal seafloor, their degree
ofmetamorphism, and their geological impacts on the hadal ecology. In addi-
tion, fluids released from the seafloor of the hadal trench still remain myste-
rious. Fluid discharges associated with hydration of mantle lithosphere in the
shallowest parts of the hadal trench are expected to occur along the trench
axes, but these have not been observed to date.2 At present, direct geological
observation and rock samples retrieved from the hadal depths are scantydue
to limited technical capabilities.

Except for extremely high hydrostatic pressure, the physical and chemical
characteristics of the hadal trench, such as temperature, salinity, and concen-
trations of O2, nitrate, and other major geochemical components, differ little
to those found at shallow depths.1,14,24,25 However, the V-shaped topography
of the hadal trench, which is liable to trap the particulate matter delivered
from natural sedimentation, ocean circulation, and turbidity currents trig-
gered by earthquakes,26–30 makes the bottom of the hadal trench a unique
sedimentary environment featuring a higher rate of organic carbon accumu-
lation, elevatedmicrobial activity, and higher benthic biomass comparedwith
surrounding abyssal plains.26–30 Elevated diagenetic activity has been
observed in the hadal environment; however, the anaerobic pathways and
2 The Innovation 2, 100109, May 28, 2021
rates of organic matter diagenesis still need to be quantified.31,32 Another
important advancement is the notion that the hadal environment has been
highly contaminated by anthropogenic pollutants such as microplastics,
persistent organic pollutants (POPs), mercury, and other toxic heavy ele-
ments.33,34 Hadal trenches have been regarded as repositories for pollutant
amplification, both biological and topographically, which occurs regardless of
the sources of these pollutants.33,35 Such contamination will have ecological
and toxic effects, long term or ephemeral, depending on the scale of impact,
but the ecological effects of these pollutants in hadal fauna are still less
understood.

Here, as an attempt to integrate available knowledge, especially that ob-
tained in the last 10 years, we provide a comprehensive review on hadal ge-
ology, hadal environment, and hadal biology. Logical links of sections and
subsections are shown in Figure 2. Meanwhile, we release the high-definition
images taken by the Chinese full-ocean-depth manned submersible Fen-
douzhe during its sea trial, which revealed novel hadal phenomena, as a sig-
nificant supplement to the current hadal database.

HADAL LITHOSPHERE, ASSOCIATED FLUIDS, AND LIFE
ACTIVITIES
Hydration of hadal lithosphere

The water carried with the incoming plate into the deep lithosphere
beneath the hadal trench affects the hydration and rheology of the litho-
sphere of the subduction zone. Although there remains considerable uncer-
tainty regarding howmuch water is stored within the crust andmantle of the
incoming plate, growing evidence suggests thatmuch of the hydration of the
incoming plate occurs at the trench slope right before subduction.22,23,36 This
is because the bending of the incoming plate between the trench axis and
outer rise area in response to the plate’s flexure is vigorous, creating
numerous fractures, bending-related normal faults, and forming horst and
graben structures (Figure 3). This mechanical process modifies the porosity
and permeability structure of incoming lithosphere and provides pathways
for fluids to enter through the crust and mantle. In addition, the bending of
www.cell.com/the-innovation
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Figure 2. Logical links of sections and subsections showing potential interactions among the geology, life, and environment in the hadal trench
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the incoming plate can generate subhydrostatic or even negative pressure
gradients along the faults, promoting fluid flow to depth,37 leading to litho-
sphere hydration by the serpentinization of upper mantle rocks22 and,
perhaps, of crustal rocks.37,38 A well-known example of the hydration of
the incoming lithosphere comes from the Middle America Trench, where
active bending-related faulting across the entire ocean trench slope pene-
trates at least 20 km into the plate, promoting the deep percolation of water
and hydration of the crust and upper mantle.22,39,40 The hydration of upper
mantle rock has also been documented below the Moho of the subducting
slab at the northern central Chile,41 central Chile,23 southernmost Mariana,42

and Mariana43 trenches, as shown by a notable reduction in compressional
mantle velocities, with a penetration depth of 1–2 km,22 and even 5–7 km,
into the mantle.41,44,45

The mantle wedge in the overriding plate of the subduction zone is also a
very important and frequent site for the hydration of mantle rocks via serpen-
tinization, as revealed by reduced seismic wave velocities and an enhanced
VP/VS ratio.46,47 In the intra-oceanic subduction zone in the Pacific Ocean,
the serpentinization of themantle wedge has beenwidely identified at depths
of 10–20 km, such as beneath the Izu-Bonin Trench,48 Mariana Trench,42,49

and Tonga Trench.41 The water required for mantle wedge serpentinization
has been suggested to be derived from serpentinites by metamorphic dehy-
dration reactions in the subducted oceanic crust,50 the devolatilization of sub-
ducted marine sediments,51 and altered oceanic basalts.52 Upward and
downward fluid circulation is predominantly controlled by fracturing in the up-
per crust andmantle wedge, aswell as by plastic deformation along the plate
interface.53 The episodic release of fluids from the subducting slab along the
fault structure could lead to the formation of serpentinite mud volcanoes in
the forearc region above the hadal trench.4,54,55

Growing evidence4,47,56,57 has shown that the hydration of the incoming
plate, subsequent dehydration of the incoming slab, and hydration of the
mantle wedge of the overriding plate have profound impacts on sedimentary,
geochemical, and biological processes in the hadal trench (Figure 4): (1) the
hydration and dehydration of the hadal lithosphere could support fluid
discharge and fuel chemolithoautotrophic life on the hadal seafloor and
within the hadal lithosphere,58–60 (2) the dehydration of the incoming plate
ll
could trigger earthquakes that substantially influence the sedimentary flux
and organic carbon supply to the hadal trench,61,62 and (3) the hydration/
alteration-derived sediments could increase the supply of carbon, iron, and
other elements to the hadal trench and influence biogeochemical cycling
therein.63

Hydration of mantle lithosphere likely supporting fluid discharge
It is well known that hydration of mantle rocks can drive the serpentinite-

hosted hydrothermal system at the deep-sea floor, which vents warm (40–
90�C), high-pH (9–11) fluids enriched in H2 and CH4 that fuel chemolithotro-
phic life.65,66 In the forearc region of the Marina subduction zone, fluids from
the incoming plate hydrate the forearc mantle and enable serpentinite muds
to rise along faults to the seafloor and form serpentinite mud volcanoes.4,55

However, the serpentinite-hosted hydrothermal vent has not been discovered
in the hadal trench so far. Could the hydration of forearc mantle rocks in the
subduction zone also lead to the formation of serpentinite-hosted hydrother-
mal systems at the hadal depth?

The exposure of peridotite rocks that are expelled from the deep litho-
sphere at the seafloor of hadal trenches provides the prerequisite for this pos-
sibility. Michibayashi et al.67 reported that peridotite samples were recovered
at 6,469–5,957 m along the eastward-facing slope of the West Santa Rosa
Bank fault, and some of those samples exhibited high serpentinization.
Reagan et al.68 reported on peridotite samples recovered from the Mariana
forearc region at depths of 6,350 to 5,800 m during a Shinkai 6500 dive. Ser-
pentinite and peridotite were also observed and recovered at a depth of
6,413 m on the inner trench slope of the Yap Trench during a Jiaolong
dive.69 Interestingly, serpentinized peridotite and vesicomyid clams were
discovered occurring together at a depth of 5,861 to 5,550 m at the Shinkai
Seep Field on a scarp of the inner trench slope of the southern Mariana
Trench during a Shinkai 6500 dive.57 This serpentinite-hosted ecosystem is
supported by fault-controlled fluid pathways connected to the decollement
of the subducting slab and is nourished by alkaline hydrothermal fluids
with a high pH, low sulfate, and low magnesium.70 Putative chemolithoauto-
trophic microbial communities are also suggested to constitute the filamen-
tous structures covering the outcrop of basement rocks at a 10.7 kmdepth in
The Innovation 2, 100109, May 28, 2021 3



Figure 3. Bending-related normal faults and fracture zones
in the southern Mariana Trench (A) Topographic map
showing abundant bending-related normal faults occurring
on the incoming plate of the southern Mariana Trench. The
map was generated using multibeam bathymetric data
collected by Kongsberg EM 124.
(B) Mélange (grey triangle in A) associated with a bending-
related normal fault on the south slope of the Challenge
Deep. The photograph was taken by the camera of Fen-
douzhe at a depth of 10,835 m.
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the Sirena Deep region of theMariana Trench.71 Furthermore, during the Fen-
douzhe dive in 2020, extensive exposures of serpentinite rocks were
observed on the northern slope of the Challenge Deep region of the Mariana
Trench. It is expected that serpentinite-hosted hydrothermal systemswill one
day be discovered in the deepest part of the world’s ocean.

Hydration of basaltic lithosphere supporting fluid discharge
Compared with the hydration of ultramafic mantle rocks, the hydration of

upper basaltic crust and its impact on the hadal environment and ecosystem
have received less attention. A new type of fluid discharge at depths of
5,700–6,200 m was recently reported on the old and highly tectonized por-
tions of the incoming plate of the southern Mariana Trench.59 The work by
Du et al.59 provides direct evidence that the structural deformation of the
incoming plate could substantially influence the hydration of upper basaltic
crust, which fosters chemical exchange between the upper ocean crust
and seawater in a new way.43 These newly discovered fluid discharge fields
are exhibited by small-scale mud volcanoes and pockmarks in association
with varied altered mafic rocks that crop out on the trench slope and are
mainly composed of iddingsite.59 Chemically and physically, this phenome-
non differs from the serpentine mud volcano formation associated with
the shallower Mariana forearc region.55 Although the alteration reaction con-
verting basaltic minerals to iddingsite is still not well understood in quantita-
tive terms, a connection between iddingsitization and H2 generation during
alteration processes has been proposed.72,73 Ferrous iron minerals in
basaltic rocks, such as olivine and pyroxene, could react with water, produc-
4 The Innovation 2, 100109, May 28, 2021
ing iddingsite and generating H2. The general reaction can be expressed as
2(FeO) + H2O/ Fe2O3 + H2. The H2 generated via iddingsitization may sup-
port rock-hosted, H2-based microbial ecosystems that thrive in old oceanic
crusts of the subduction zone.74,75

Like iddingsitization, other very-low-grade metamorphisms related to the
hydration of basaltic rocks also widely occur in the upper part of the oceanic
crust, producing zeolite-facies metamorphic rocks that could be extruded on
the seafloor of the hadal trench. A hypothesis that subduction zone zeolite-
facies rock hosts Earth’s deepest subsurface microbial ecosystems is pro-
posed.60 This is based on the fact that (1) zeolite-facies metamorphism
starts at temperatures of approximately 40�C, well within the tolerance of
life, and (2) zeolite-facies metamorphism can extend up to 14 km into the
ocean crust of the subduction zone at temperatures below 121�C. To test
this hypothesis, Peng et al.60 recovered zeolite-facies metamorphic rocks
from the southernMariana Trench at awater depth of 5,500 to 6,800musing
the manned submersible Jiaolong. Dense carbonaceous aggregates and fil-
aments, which result from the past activity of chemolithoautotrophs, were
observed tobe preserved in thosemetamorphic rocks. This finding highlights
that fluid-rock reactions, during the hydration of the upper basaltic crust, may
contribute to biomass production within the biotope,59 and implies that the
deep-subsurface biosphere on Earth may be far deeper than the basalt-
hosted deep biosphere76–78 and ultramafic rock-hosted deep biosphere.79

The low-grade metamorphic ocean crust in the hadal trench may represent
previously unexplored incubators for chemolithoautotrophic life on Earth and
could have significant implications for the global carbon flux and budget.
www.cell.com/the-innovation
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Faults controlling the distribution of cold seeps
Cold seeps occur along active margins driven by convergence between

oceanic and continental plates and extend from continental slopes to hadal
trenches. Unlike serpentinite-hosted hydrothermal vents in the hadal trench,
they result from tectonic fluid expulsion by the dewatering of sediments that
occurs in response to lateral compressionbyplatemovement.80Over longpe-
riods of accretion, the landward slope of the hadal trench develops a series of
thrust faults that provide pathways forfluid discharge and control the distribu-
tion of cold seeps on the seafloor. Therefore, the geometric arrangement of
cold seeps and associated communities can provide a kinematic indicator
of the distribution pattern of faults and relative plate motions. Using the
manned submersible Shinkai 6500, Ogawa et al.58 first observed the distribu-
tion ofCalyptogena phaseoliformis clam colonies in right-stepping en echelon
patterns related to the plate motion along the escarpment in the northern
JapanTrenchat 6,437–6,274m.Seepfluidoutflowsalong fractures are asso-
ciatedwith thrust faults at the seafloor and are characterized by high CH4 and
H2S concentrations. These chemical species supply energy to the food chain
through bacteria utilizing CH4 and H2S. Fujikura et al.81 also reported the dis-
covery of a dense community of the thyasirid bivalvesMaorithyas hadalis by
the remotely operated vehicle Kaiko at a depth of 7,326 m near the bottom
of the Japan Trench. This chemosynthesis-based community was the deep-
est cold-seep-based community discovered from the hadal trench.81
SEDIMENTARY ENVIRONMENT OF THE HADAL TRENCH
Sources of organic matter

Uncovering sources of organic matter in the hadal trench has attracted
extensive attention. It has been speculated that the supply of nutrition food
in the hadal trench largely relies on the flux of fresh, organic-rich particulate
matter14,27 and the input of decaying biota and carcasses from the upper
ocean.61 Several studies have indicated that the organic matter contents in
the trenches increase from the abyssal depth to the hadal zone (e.g., Eloe
et al.82 and Jamieson83).

In a broad sense, organic matter in trench sediments derives from either
marine or terrestrial sources. Their relative proportion depend mainly on
the surface ocean productivity, the water depth, and their geographic loca-
tions. For instance, the sediment organic materials in the Japan,84 Yap,85

and Mariana Trenches86 are predominantly derived from marine phyto-
plankton, with negligible terrestrial organic matter, because they are located
far away from large land masses. By contrast, the Izu-Bonin and New Britain
Trenches, which are located in relative proximity to large islands, showed a
high supply of allochthonous terrigenous organic material.29,87

Besides terrigenous- and marine-phytoplankton-derived organic mate-
rials, growing evidence indicates that chemoautotrophic carbon fixation
occurring within the hadal trench is likely to be another important source
of organic carbon in the trench. As reviewed in previous sections “hydration
ofmantle lithosphere likely supporting fluid discharge, “hydration of basaltic
lithosphere supporting fluid discharge”, and “faults controlling the distribu-
tion of cold seeps”, chemosynthetic communities that are fueled by the ser-
pentinization of mantle rocks, iddingsitization of basaltic rocks, and cold-
seep fluids could substantially contribute organic carbon to the hadal
trench.57,59,60,88,89 The compositional and spatial distribution patterns of
glycerol dialkyl glycerol tetraethers (GDGTs) can be used as a valuable mo-
lecular indicator for organic carbon sources in the hadal trench.90–92

Recently, a distinctly high relative abundance of bacterial GDGTs produced
in situ (branched and isoprenoid tetraether [BIT] = 0.13–0.80 and Rb/i =
0.08–11.37) were observed at two sediment cores of both sides of trench
walls in the southern Mariana Trench.93 Notably, the result is similar to that
for the altered rocks reported by Peng et al.,60 which showed that the BIT
values fell within a range of 0.42 to 0.97. Simultaneously, the GDGT-0 to
crenarchaeol ratio in the altered rocks ranges from 1.4 to 59.5, indicating
a methanogenic source. These studies suggest that the contribution of
chemosynthetic carbon fixation in the hadal trench should not be ignored;
it might be an important supplement to the organic carbon pool in the hadal
environment.
ll
Earthquakes influencing sediment flux
The hydration and subsequent dehydration of oceanic lithosphere is an

important internal force that drives geological and sedimentary processes
in the hadal trench. Water released by the dehydration of oceanic upper
mantle could trigger intraslab intermediate-depth earthquakes at depths of
50–300 km beneath the seafloor of the hadal trench.50,94,95 The strong
shaking of the ground in earthquakes could drive turbidity currents, land-
slides, and tsunamis that strongly affect the sedimentary processes and
organic carbon fluxes on the bottom of the trench. Near-bottom in situ video
observations and sediment cores clearly document the remobilization of sur-
ficial sediment triggered by these earthquakes.61,62,96 Oguri et al.61 observed
that benthic megafauna were absent, but dead organisms were present
along the axes of the Japan Trench after the 2011 Tohoku-Oki earthquake.
Their findings suggest that both the burial of organisms and the episodic de-
livery of organicmatter to greater water depths commonly occur in trenches.
Bao et al.97 revealed that hadal sedimentationwas interrupted by the episodic
deposition of pre-aged organic carbon triggered by large earthquakes, such
as the 2011 Tohoku-Oki earthquake, in the Japan Trench. Kioka et al.98 found
that surficial sediment remobilization is a predominant remobilization pro-
cess that partly initiates deeper sediment remobilization downslope during
strong earthquakes in the Japan Trench. Furthermore, Kioka et al.98 esti-
mated that the Tohoku-Oki earthquake in 2011 could have delivered >1 Tg
of organic carbon to the Japan Trench, which is comparable with the high
carbon fluxes described for other Earth system processes. Evaluating how
much organic carbon in the hadal environment is supplied by earthquakes
in the present and the geological past will be important for understanding
earthquakes’ role in the benthic ecosystem, carbon cycling, and carbon dy-
namics in the deep sea.

Elevated diagenetic activity of organic matter
As described in section 3.2, tectonically triggered mass-wasting events

transport large amounts of sedimentary matter from the adjacent margin
to the hadal trench.61,97 The sediments in the hadal trench are generally char-
acterized by a higher rate of organic carbon accumulation, elevatedmicrobial
activity, and higher benthic biomass compared with surrounding abyssal
plains (e.g., Danovaro et al.,26 Glud et al.,27 Leduc et al.,28 Luo et al.29,30).
The funnel-like shape of the hadal trench easily traps settling particulatemat-
ter delivered from natural sedimentation, ocean circulation, and submarine
turbidity currents.26,27,85,99 Therefore, they are considered to be potential de-
pocenters for sediments and organicmatter,26,27,86,100,101 accompanying the
intensified diagenetic activity existing in this extreme environment.

Quantifying the pathways and rates of organic matter diagenesis in sedi-
ments is essential for understanding global element cycles, as it is directly or
indirectly coupled to almost all biogeochemical processes. A few studies
have discussed organic matter degradation in hadal sedimentary environ-
ments. An example is the study of Glud et al.,27 who first studied microbial
activity in sediments at the Challenger Deep of the Mariana Trench (11,000
m) and a nearby 6,000-m deep site with an autonomous micro-profiling sys-
tem to determine the benthic O2consumption rates. They showed that hadal
sediments possess higher organic carbon contents and intensified diage-
netic activity along the trench axis than in the adjacent abyssal plain. Further
studies quantified the in situ benthic O2 consumption rates in sediments from
the different hadal trenches underlying mesotrophic or oligotrophic surface
waters, such as the Izu-Bonin Trench, Tonga Trench,102 Mussau Trench,
and New Britain Trench.29

These findings complement those of Glud et al.,27 that hadal trenches
host elevated diagenetic activity in the central trench, underpinning the
importance of hadal ecosystems for deep-sea carbon cycling. However,
these studies solely focused on aerobic respiration in organic matter oxida-
tion. Microbial and isotopic studies have implied the occurrence of anaer-
obic diagenetic processes (such as denitrification),103,104 but few studies
have directly measured them yet. Based on the geochemical characteristics
of pore water, Liu and Peng105 emphasized the importance of denitrification
in sedimentary diagenesis along a depth transect of the Mariana Trench
(water depths from 5,500 to 10,255 m). Hiraoka et al.15 reported that
The Innovation 2, 100109, May 28, 2021 5



Figure 4. Geological background of the hadal trench in the plate tectonic model This model integrates available information on the hydration of the hadal lithosphere37,56,
the fluid activity,55,59 and the carbon flux64 in the subduction zone. The green arrow indicates relative plate motion. Red spikes show the hydration of the oceanic litho-
sphere, including the basaltic and gabbroic crust and upper mantle. Blue and yellow arrows depict fluid ingress or expulsion. Magma generated in the forearc mantle is
shown in purplish red. Stars represent seismic zones. White arrows show major carbon fluxes in the subduction zone. The unit of values is million tonnes of carbon (Mt C)
per year. Key geological processes that occur on, beneath, and above the seafloor of the hadal trench are highlighted in small boxes.

Review
T
he

In
no

va
ti
on
NO3
– concentrations drastically decreased with sediment depth to less

than 5 mM above 30 cm below sea floor at the Japan and Izu-Ogasawara
Trenches, suggesting that microbial nitrate reduction was occurring in
hadal sediments. Based on geochemical and biomolecular analysis,
Thumdrup et al.32 demonstrated that denitrification and anammox are ma-
jor sinks for fixed nitrogen in hadal sediments along the axis of the Kerma-
dec and Atacama Trenches. Moreover, the pore-water profiles and onboard
incubations of the Kermadec and Atacama Trench sediments revealed var-
iable but substantial manganese and iron redox cycling and sulfate respira-
tion, further implying significant contributions from anaerobic diagenesis at
these trench sites.31

MICROBIAL COMMUNITIES IN THE HADAL TRENCH
Only a few studies have been carried out to characterize the microbiology

of the water column and sediment in hadal trenches, largely due to the diffi-
culties in sampling. These investigations to date have mainly focused on the
Mariana,14 Japan,106 Kermadec,107 New Britain,108 and Puerto Rico
Trenches.109 Compared with upper abyssal oceans, hadal zones possess
6 The Innovation 2, 100109, May 28, 2021
comparable environmental factors such as temperature, salinity, dissolved
O2, and regular nutrients. However, due to the tremendous depth, V-shaped
geomorphology, and tectonic subduction, there are a series of environmental
particularities, including an extremely high hydrostatic pressure, hydrotopo-
graphical isolation, and subduction-linked physical and chemical features,
which are believed to contribute to the formation of a unique hadal biosphere
in the deepest ocean on Earth.1,14 Despite the harsh environmental condi-
tions, hadal trenches have been revealed to accommodate a diverse and
active microbiome in the water and sediments.110,111

Studies suggest that there is a clear shift in microbial community com-
positions from bathyal and abyssal waters to deep hadal zones. Moreover,
potential chemolithotrophs are less abundant in hadal waters, while the pro-
portions of heterotrophic lineages are enhanced.14 Eloe et al.82 analyzed the
metagenomic characteristics of microbial assemblages in water samples
taken at a 6,000-m depth from the Puerto Rico Trench (PRT). It was found
that microbial members from the b-Proteobacteria, Bacteroidetes, and
Planctomycetes phyla were remarkably abundant compared to those in
other pelagic environments. In addition, a large number of functional genes
www.cell.com/the-innovation
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encoding for outer membrane porins, sulfatases for the degradation of
sulfated polysaccharides, and glyoxylate and dicarboxylate metabolism
were retrieved from the PRT hadal waters, indicating the prevalence of het-
erotrophic catabolic processes.109 Recently, microbial communities inhabit-
ing the waters of the Challenger Deep in the Mariana Trench were profiled
along the vertical depths, from the surface down to the bottom at 10,927
m.14 The microbial cell abundances were relatively constant at � 63103

cells/mL in hadal waters, but showed a gradual, slight decline with
increasing depth. An analysis of the community structures based on the
small subunit ribosomal RNA (SSU rRNA) gene revealed an unprecedented
hadal biosphere in which potential heterotrophs, including the SAR406
clade, Bacteroidetes, and g-proteobacterial Halomonas and Pseudomonas,
dominated the trench communities below 6,000 m. It was further hypothe-
sized that the unique hadal biosphere in the Mariana Trench was principally
driven by endogenous organic matter, which was chiefly controlled by the
trench’s extraordinary geomorphology.14,83 More recently, Tarn et al.111

further characterized the microbiome within the bottom waters of the Chal-
lenger and Sirena Deeps in the Mariana Trench. They also found that het-
erotrophic lineages dominated the bacterial communities of both hadal re-
gions, which were distinctive from other deep-sea habitats. These hadal-
enriched bacterial taxa were mainly dispersed within Marinimicrobia, e-Pro-
teobacteria, and Gemmatimonadetes, consistent with previous hadal data-
sets.14,109 Interestingly, for the first time, Tarn et al.111 revealed that sulfur
oxidation/reduction and the utilization of methane and hydrogen were pro-
cesses potentially important for sustaining the bottom hadal microbiome in
the Mariana Trench. Subsequently, an investigation aiming to determine the
functional capacities of hadal microbial populations was conducted in the
Mariana Trench.112 Abundant hydrocarbon-degrading microorganisms affil-
iated within genera Oleibacter, Thalassolituus, and Alcanvivorax were
observed to dominate the bottom seawater of the Challenger Deep. The
metabolic prediction and transcription of genes found abundant putative
genes closely associated with the metabolism of medium-chain, long-chain,
and cyclic hydrocarbons. These findings were well aligned with the hetero-
trophic potentials revealed in previous studies.14,111 Several other studies,
dedicated to elucidating the hadopelagic communities from the Japan,
New Britain, and Kermadec Trenches, yielded similar results, finding that
hadal microbial communities are significantly different from those above
them.106,108,113

Although hadal bottom sediments remain largely unexplored, they have
been shown to harbor high cell abundance, high metabolic activity, and large
microbial communities. The special trench topography and frequent tectonic
activities, such as seismicity and landslides, facilitate rapid accumulation of
sinking and sedimentary organic matter,83,86,102,110 which largely contributes
to the flourishing of prokaryotes in hadal sediments.15,104,114 Studies on the
microbiology of hadal sediments began as early as the 1950s,104 and, in the
last decade, with the application of omics analysis and deep-sea sampling
techniques, knowledge of hadal sediment microbiomes and their potential
functions related to geochemical cycles has greatly improved. A series of in-
vestigations—mainly concentrated on the west Pacific Ocean, including the
Japan, Izu-Ogasawara, Mariana, Kermadec, Mussau, and Yap
Trenches104,108,114,115—have recently been carried out to determine the mi-
crobial communities, adaptation mechanisms, and potential roles in hadal
sediments. These studies suggest a significant distinction between abyssal
plain and hadal trench sediments, and the dominant enrichment of heterotro-
phic bacterial populations, which are well correlated with organic matter
degradation and recalcitrant material breakdown.15,108 These commonly
dominant taxa are mainly derived from the bacterial Chloroflexi, Bacteroi-
detes, Planctomycetes, Marinimicrobia, and Gemmatimonadetes, and
archaeal Woesearchaeota and Thaumarchaeota.104,115 Thesemicrobial line-
ages are inferred to participate in diverse geochemical cycles such as alkane
degradation; the nitrogen cycle, including aerobic ammonium oxidization,
nitrification, and denitrification; carbon assimilation; and chemoheterotrophic
functions.15,104,108,114,115 Interestingly, themicrobial cell abundance and com-
munity structures of hadal sediments usually show substantial differences
among different subduction trenches.15,108,115 This is likely attributable to
ll
the influence of geographic separation, primary production in overlying sur-
face seawaters, and the distinctions in tectonic activity and geochemical
regimes.83

HADAL FAUNA
As a unique extreme environment, especially considering its ultra-high hy-

drostatic pressure, the hadal zone was once considered unsuitable for the
survival of metazoans. However, in 1901, Echiuroidea, Asteroidea, Ophiuroi-
dea, and benthic fish were successfully caught at a 6,035-m depth in theMo-
seley Trench during the Princess Alice expedition.116 In the following 100
years, with the rapid development of hadal exploration technology, many an-
imal groups have been discovered in the hadal zone around the world,
including crustaceans, echinoderms, mollusks, andmany other large benthic
animals. During the Fendouzhe cruise in 2020, novel species of hadal fauna
were observed in the Challenge Deep region of the southern Mariana Trench
(Figure 5). In some sites, the density of polychaetes and holothurians is high
and reaches 2–4 individuals/m2, indicating a sufficient food supply for the
benthic fauna in the deepest part of the world’s ocean.

Although we still do not fully understand what key environmental features
are determining the abundance, composition, and diversity of the hadal com-
munity, the hadal environment affects organisms in many ways. However,
the adaptation of hadal organisms to the environment is a comprehensive
process involving morphological, physiological, and genetic aspects. Hadal
animals show certain specificities in their adaptability to the hadal environ-
ment, but also some commonalities.

Morphological and behavior adaptation
In order to adapt to these extreme environments, hadal organisms have

undergone adaptive evolution in termsofmorphology andphysiological func-
tions. To adapt to high pressure, hadal liparids exhibit high volumes of
gelatinous tissues, watery muscles, transparent skin and scales, thin and
incompletely ossifiedbones, and a non-closed skull.117,118 The strongpharyn-
geal jaw apparatus and inflated stomachs found in hadal snailfishes have
been speculated to increase their ability to feed on the large amphipod
biomass.119,120

Although hadal invertebrates do not seem to be significantly different from
shallow-living animals inmorphology, there aremore species showing strong
mobility, which might help them to obtain the limited food in the hadal zone.
For instance, deep-sea sea cucumbers from the families Pelagothuriidae,
Laetmogonidae, Psychropotina, and Elpidiidae often show higher abilities
to float and commonly swim faster.

Food utilization strategy
The hadal biosphere is dark, with almost no light. In contrast to the previ-

ous notion that scavengers only consume carrion, growing evidence sug-
gests that the diets of hadal fauna are diverse and could also be derived
from surface-derived particulate organicmatter, chemosynthetic bacteria/in-
vertebrates associated with seepage, invertebrates that scavenge amphi-
pods, sediments, and phytoplankton.121,122 Although the sources of food in
the hadal environment are relatively simple, the food in the hadal environment
is not as scarce as was imagined. The most important source of nutrients in
the trench is the organicmatter deposits in the upper ocean.83 The bottom of
the trench is composed of organic-rich sediments, which in turn nourish the
proliferation of hadal bacteria, planktons, and animals, e.g., sea cucumbers,
starfish, sea anemones, and mollusks. These chemoautotrophic and hetero-
trophic microorganisms may be among the most important food sources in
the hadal ecosystem, directly or indirectly supplying benthic animals that feed
on microorganisms and benthic organic debris.83,123

The carcasses of large higher animals such as fish and cetaceans in the
upper ocean are high-quality foods that can quickly sink to the bottom,
because they are rich in high-quality fatty acids and proteins. As a nutrient-
rich food resource, this biological debris can quickly increase the biodiversity
of a local area of the trench, thereby affecting the compositions of the hadal
communities.123 Hadal amphipods are scavengers commonly found in the
hadal zone, with strong mobility. Observations of the feeding behavior of
The Innovation 2, 100109, May 28, 2021 7



Figure 5. Novel species of hadal fauna observed by Fendouzhe at different water depths on the seafloor of the southernMariana Trench (A) Cnidarian. (B) Polychaete. (C)
Polychaete. (D) Amphipod. (E) Holothurian. (F) Polychaete. (G) Holothurian. (H) Holothurian.

Review
T
he

In
no

va
ti
on
hadal amphipods have found that such creatures can quickly locate and
consume biological remains.16 Their perceptive and fast-swimming abilities
may be adaptive evolution enabling feeding behavior appropriate for the
unique food source of large hadal creature carcasses. However, how these
benthic animals perceive biological debris and accurately position them in
the vast hadal zone requires further research.

Insomehadal trenches (suchas thePuertoRico,Kermadec,Palau, andMa-
riana Trenches), copious amounts of seaweed, sugarcane, coconut shell, and
bamboo, and other terrestrial and coastal wetland plant debris, have been
found.86,124–127 A large number of organisms such as gastropods feed on
terrestrial wood debris.123 Research on the digestive enzymes of the hadal
amphipod Hirondellea gigas found that this type of organism has evolved a
unique cellulase that can break down cellulose into glucose and cellobiose,
and therefore is able to obtain nutrition from the deposited wood debris.128

These results indicate that the inputof terrestrial organicmattermayhavepro-
moted the development of these special animal groups in the hadal trench.
Molecular adaptation
The hadal zone is very harsh for most marine animals, but the hadal crea-

tures that live in this extreme environment are well adapted to it. High hydro-
static pressure and low temperature can change the fluidity of biofilms,
reduce the stability of protein structures, and inhibit enzyme activity,117,129 ul-
timately affecting physiological functions and activities. A low temperature
will reduce enzyme activity and metabolic rates, thereby affecting the spatial
distribution of hadal organisms.123 Hadal creatures have similar strategies
for living in low-temperature environments such as that in the polar region,
and can resist the severe, cold environment by the high expression of heat
shock proteins and lipids. Research on the hadal amphipods found that
gene families related to low-temperature adaptation exhibit either an enrich-
8 The Innovation 2, 100109, May 28, 2021
ment contraction response or a positive selection effect in their adaptation to
the low-temperature environment of the trench.129

Snailfish living in the hadal trench have high levels of trimethylamine N-ox-
ide (TMAO).130 TMAO,which has an important physiological role and can sta-
bilize protein structures, is synthetized by TMA oxidation in cells, which is
catalyzed by the enzyme FAO. At around 8,200 m, the TMAO levels in hadal
fish would reach the maximum tolerable; any further increase might cause
osmoregulatory problems.130 The genome data of the hadal snailfish Pseu-
doliparis swirei show that its TMAO synthesis gene and heat shock protein
hsp90 gene have undergone significant mutations.117 Analysis of the hadal
amphipod transcriptome shows that its b-alanine gene, another important
osmotic regulator, is subject to positive selection.129

ANTHROPOGENIC POLLUTANTS IN HADAL ENVIRONMENTS
Plastics and microplastics

An estimated 4.8–12.7Mt of plastics have entered the oceans131, ofwhich
only 0.26 Mt are floating in the seas, mostly in the form of microplastics
(pieces less than 5mm in diameter). The rest sinks and settles at the bottom
as seafloor litter. Peng et al.132 documented the deep-sea debris in the sub-
marine canyons of the northern South China Sea and found the highest den-
sity of marine debris (52,000 items per km2) at the seafloor, which is one or-
der of magnitude higher than that reported in other locations worldwide.
However, reports of plastics or other types of litter in hadal trenches
>6,000 m are scarce. Chiba et al.107 analyzed the records of the Deep-sea
Debris Database and revealed 3,425 litter items in the Pacific and Indian
Oceans, of which 33%were plastics. The relative dominance of plastic debris
was larger at depths greater than 6,000 m (52%) than at shallower depths
(18%–22% at >1,000 m), and the debris was almost exclusively single-use
plastic. The highest record is that of a plastic bag at 10,898m in theMariana
Trench in the northwestern Pacific. Apart from plastics, there have also been
www.cell.com/the-innovation
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Figure 6. Debris found on the seafloor of the Challenge Deep (A) A fragment of white plastic bag. (B) An electric wire. (C) White fiber-optic tethers. (D) A black plastic bag.
(E) A beer can. (F)Yellow fiber-optic tethers.
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reports of finding a raincoat in the Challenger Deep (the deepest point in the
Mariana Trench),133 a beer can at 6,037m in the Kermadec Trench and wine
bottle at �8,228 m in the New Britain Trench during the DEEPSEA CHAL-
LENGE Expedition,33 and a trash can at 7,216 m in the Ryuku Trench.134

During the Fendouzhe diving cruise in 2020, black and white plastic bags,
an electric wire, a beer can, and fiber-optic tethers were observed in the Chal-
lenge Deep of the Mariana Trench (Figure 6). Those observations highlight
the fact that plastics and other debris have contaminated the deepest part
of the world’s ocean.

Microplastics, defined as plastic fragments ranging in size between
0.1 mm and 5 mm, have been recorded in various studies in coastal e.g.135

and deep-sea sediments e.g.136,137 to hadal trenches.35,138,139 The adverse ef-
fects of microplastic ingestion, although not fully understood, are known to
affect about 700 marine species.140 Peng et al.35 first documented the pres-
ence ofmicroplastics in the bottomwater and sedimentsof the southernMa-
riana Trench, at depths ranging from 2,500 to 11,000 m. The microplastic
abundances in the bottom waters ranged from 2.06 to 13.51 pieces/L and
becamemore concentratedwith depth. At 10,903m, 11.43 pieces/Lwerede-
tected in the trenchwater samples, four times higher than that reported in the
subsurface water of open seas, including the NE Pacific Ocean,141 North Pa-
cific Gyre,142 South Pacific subtropical gyre,143 North Atlantic Ocean,144 and
Arctic Ocean.145,146 The hadal sediments of the Mariana Trench were also
abundant in microplastics, ranging from 200 to 2,200 pieces/L of dry weight
sediment, with a maximum of 2,200 pieces/L at the depth of 7,180 m, fol-
lowed by 2,000 pieces/L at 9373 m. Compared with worldwide data, the mi-
croplastic abundances in the Mariana sediments are twice as high as those
reported in deep-sea sediments from the Atlantic Ocean and Mediterranean
Sea (70–800 pieces/L).147 Microplastics were also reported to be present in
the Kuril Kamchatka Trench at depths of 5,143–8,250m,with concentrations
of 14–209 pieces/kg of sediment (dry weight). The specific sources of these
microplastics are largely unknown, but could be multiple, including land-
based, heavily industrialized areas148 or oceanic sources, such as the so-
called Great Pacific Garbage Patch.149

It is now evident that microplastics have invaded the deepest trenches on
Earth and consequently pose high risks to the benthic fauna in the deep
oceans. Jamieson et al.139 examined the extent of microplastic pollution
affecting lysianassoid amphipods across multiple hadal trenches around
ll
the Pacific Rim, including the Peru-Chile Trench in the southeast Pacific;
the New Hebrides and Kermadec Trenches in the southwest Pacific; and
the Japan, Izu-Bonin, and Mariana Trenches in the Northwest Pacific. The
sampling depths ranged from 7,000 to 10,890 m, the deepest point being
the Challenger Deep. They found microfibers in the hindguts of amphipods
at all the nine sites theysampled. Interestingly, the highest frequencyof inges-
tion occurred in the amphipods from theMariana Trench (10,890m). In spite
of the fact that the six trenches are bathymetrically and geographically iso-
lated by large distances,139microplastics are ubiquitous in the hadal trenches
and bioavailable to the hadal amphipods studied to date. Moreover, the pres-
ence ofmicroplastics in the guts of hadal amphipods could result in a perpet-
ual trophic transfer within the hadal communities, where the amphipods, on
one hand, serve as prey to higher species and, on the other, ingestmicroplas-
tics fromcarrion falls containing the remains of the predators through thewa-
ter column.139 A study on penetration of bomb 14C into hadal trenches also
points out that the anthropogenic pollution can reach the deepest ocean
trench rapidly via the food chain.150 It becomes more apparent that the
funneling effect associated with the V-shaped trench morphology,14,35

accompanied by occasional earthquakes, the repeated resuspension of ma-
terials,100 and bottomcurrents, plays a vital role in the accumulation ofmicro-
plastics in the trenches. A relatively rapid deposition of sediments has also
been reported in the hadal zone of theMariana Trench.27 The hadal trenches
act as a sink for microplastics in the ocean and account for a part of the
“missing” plastics. The extent of proliferation, though, will not be limited to
the hadal zone. Microplastics will transfer within food webs and be bioavail-
able to species inhabiting shallower depths. Further studies are needed to
monitor the abundance of microplastics within the broader hadal environ-
ment and understand their impact on marine fauna.

POPs
Despite being banned by most countries since the late 1970s,151 POPs

have been the focus of extensive studies in the past few decades. Com-
pounds such as polychlorinated biphenyls (PCBs) and polybrominated di-
phenyl ethers (PBDEs) have been detected in both terrestrial152 and marine
environments.153–156 However, POPs in hadal trenches were first explored
by Jamieson et al.,148 who reported high concentrations of POPs in endemic
amphipod fauna from the Mariana and Kermadec Trenches, at depths of
The Innovation 2, 100109, May 28, 2021 9
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7,000–10,000m. Thiswas a pioneering find that resulted in a series of further
attempts by scientists to explore hadal trench pollution. Jamieson et al.148

used deep-sea landers and baited traps to capture three species of amphi-
pods: Hirondellea dubia and Bathycallisoma schellenbergi (from the Kerma-
dec Trench), and H. gigas (from the Mariana Trench). The concentrations
of PCBs and PBDEs in these crustaceans were higher than baseline levels
and 50 times greater than in crabs from a highly polluted river system in
China. The high PCB concentrations in the Mariana Trench could be due to
its proximity to highly industrialized areas and the Great Pacific Garbage
Patch. In a more recent study, elevated levels of PCBs, PBDEs, and chlori-
nated pesticides such as DDT (dichlorodiphenyltrichloroethane) isomers
were detected in hadal amphipods from the Mariana, Mussau, and New Brit-
ain Trenches.156 The high amounts of POPs in these amphipods could be
due to bioaccumulation or their feeding mechanisms, where they ingest
contaminated particles associated with particulate matter or carrion falls
sinking from the surface to the deep waters through the water column.148,156

Besides amphipods, PCBs and PBDEs were also detected in the Mariana
Trench sediments.157 The overall SPCB values from their study were over-
whelmingly higher than those from the shallow marine sediments studied
in the past, and higher than the world baseline levels for SPCBs arising
from atmospheric transport found in clean coastal sediments, which are
<1 ng/g dry weight.158 However, the PCB concentrations in the sediments
aremarkedly lower than those found in the endemic amphipods by Jamieson
et al.148, possibly because, unlike in sediments, the concentrations of contam-
inants in these amphipods aremultiplied over time by bioaccumulation. Apart
from the notion that POPs are bound by organic matter, Dasgupta et al.157

argued that clay minerals may play an important role in the adsorption of
these particles in hadal sediments. This is supported by the fact that a large
number of clay minerals were detected in their study, and such adsorption
mechanisms (e.g., Li et al. 159) likely agglomerate the POPs in the deepest
trench sediments.

Hg and other toxic heavy elements
Hg in the form of monomethylmercury (CH3Hg

+) readily bioaccumulates
and is thought to be the primary toxic form entering the human body.160

However, the pathways of Hg accumulation in hadal trenches are little under-
stood. Sun et al.161 measured the total Hg (THg) andmethyl Hg (MeHg) con-
centrations and Hg isotopic compositions of amphipods from the Mariana
and nearby Yap Trench, as well as one snailfish from the Yap Trench. The
THg concentrations were comparable with those of their counterparts
from the abyssal Arctic Ocean, but higher than those of benthic organisms
in coastal and freshwater ecosystems. They argued that the isotopic compo-
sition of THg in each sample was representative of the isotopic composition
of MeHg in that sample and that deep ocean MeHg is supplied from the up-
per ocean by particles sinking rather than by in situ microbial methylation.
This argument is further supported by Blum et al.,162 who suggested that
anthropogenic Hg in the marine food web at�500 m is transported to
deep-sea trenches primarily through carrion in the water column, and inte-
grated within the endemic fauna in hadal trenches. Liu et al.34 measured
the THg andMeHg in amphipods from theMariana,Massau, andNewBritain
Trenches, at depths of 6,990 to 10,840 m. They found that THg and MeHg
concentrations were higher in trench amphipods than in amphipods from
coastal and freshwater environments and suggested that Hg bio-
accumulation in the hadal trenches depends on food availability, which is
closely related to the surface ocean’s biogeochemical characteristics, such
as lateral transport, methylation, and MeHg bioaccumulation in food webs.
Fatty acid analysis of samples confirmed that these hadal species were
feeding on carrion from higher-trophic-level predators.

A few studies have also reported the presence of heavy toxic elements
(such as, Cd, Co, Pb, and Cu) in deep hadal trenches, primarily because these
elements can negatively affect marine species when ingested and trans-
ferred to humans, potentially causing organ failure.163 Sediment samples
from the Yap Trench were analyzed for heavy metals164; the study revealed
that the enrichment of heavy metals in the area was influenced by natural
factors and not anthropogenic sources. The patterns of heavy-element con-
10 The Innovation 2, 100109, May 28, 2021
centration in snailfish from the Mariana and Kermadec Trenches were also
assessed in a separate study by Welty et al.165 Specifically, they determined
the concentrations of As, Cd, Ba, Ni, Cu, Co, Pb, Se, Cr, and Hg in five different
species of fish ranging from 1,000 m to 7,626 m. Unexpectedly, Ni and Cr
were highly abundant in the Kermadec snailfish, while Cd and Pb showed
the highest values in the Mariana samples. Their study, however, did not
discuss the origins or sources of these pollutants.
CONCLUSIONS AND FUTURE DIRECTION
Recent investigations have shed light on the unique geological, environ-

mental, and biological processes that take place on, beneath, and above
the seafloor of the hadal trench. However, as the most inaccessible ocean
environment on Earth, the hadal trench still remains largely enigmatic, and
our knowledge about the hadal trench is just the “tip of the iceberg.” To
date, only a few hadal trenches have been investigated sporadically and a
large portion of hadal trenches around theworld remain untouched. Like trop-
ical rain forest systems and deep-subsurface biospheres, hadal trench sys-
tems remain among the least investigated and most mysterious habitats
on Earth, making them one of the last frontiers on our planet.

Compared with what we know about hadal ecology, our knowledge about
hadal geology and the hadal environment, as well as the interactions among
geological, environmental, and biological processes in the hadal trench, is
very limited. Future directions of hadal research include (1) biogeographic
distribution of the hadal fauna and gene flow; (2) origin, evolution, and envi-
ronmental adaptation of the hadal fauna; (3) response of the hadal
ecosystem to the upper ocean and global climate change; (4) distribution
and energy source of the hadal subsurface biosphere; (5) tectonic and petro-
logic heterogeneity of hadal trenches; (6) geochemical effects of hydration of
hadal lithosphere; (7) fluid activities and associated chemosynthetic commu-
nities at hadal depths; (8) biogeochemical cycles and diagenetic pathways in
hadal sediments; (and 9) ecological and toxic effect of anthropogenic pollut-
ants on hadal fauna.

Currently, technologies that can be used in the exploration of hadal envi-
ronment are highly limited. Immovable instruments such as landers with
weak operation capacity have long served as major equipment for the inves-
tigation of hadal environments, although they have been demonstrated to be
economic and effective methods for such investigation. Only through the
dedicated development of hadal technologies, especially manned submers-
ibles, remotely operated vehicles, automated underwater vehicles, chemical
and physical sensors, and in situ experimental instruments that would revo-
lutionize hadal exploration, will we be able to fully understand the intrinsic
links between the geological, geochemical, environmental, and biological pro-
cesses in the hadal trench.With the increased application andmaturity of full-
ocean-depth submersibles, such as Fendouzhe and Limiting Factor, the sec-
ondwave of hadal exploration in theworld is expected to be imminent. During
the upcoming hadal exploration campaign, international cooperation through
sharing cruises, samples, and datawill be significant for enabling us to under-
stand the deepest regions of the Earth’s oceans. The knowledge from hadal
trenches, together with that fromshallower ocean, will help us better compre-
hend the Earth’s comprehensive marine system.
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