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As previously summarized by Hammond
et al. (2015), from 1983 to 2013, the
NOAA Vents program conducted sys-
tematic and multidisciplinary explora-
tion, discovery, and research related to
hydrothermal vents, submarine volcanic
eruptions, and associated ocean physi-
cal, chemical, and biological processes.
In 2014, Vents divided into two pro-
grams, Earth-Ocean Interactions (EOI)
and Acoustics, and considered a broader
range of questions about how seafloor and
subseafloor processes contribute to ocean
health, biogeochemical cycles, ecosystem
diversity, and climate change. Here, we
highlight major accomplishments since
2014, including deep-sea technologies
that EOI, Vents, and Pacific Marine Envi-
ronmental Laboratory (PMEL) Engineer-
ing have developed to advance marine
science. EOI research is driven by a need
for better observational data on issues of
global importance, including the role of
continental margin seeps in the global
methane/carbon cycle, benthic ecology,
and fisheries habitat; the role of hydro-
thermal systems in global biogeochem-
ical cycles, including carbon dioxide
removal; the potential impact of deep-
sea mining of metal sulfides on ecosys-
tem services provided by hydrothermal
vents; and how hydrothermal iron func-
tions as an essential nutrient. NOAA
Ocean Exploration, the Schmidt Ocean
Institute, the Ocean Exploration Trust,
and the National Science Foundation
have supported and collaborated in this
work. Global exploration of the deep sea
with the purpose of understanding global
ocean processes remains a cornerstone
of EOI science.

CONTINENTAL MARGIN

SEEPS: EXPLORATION,
CHARACTERIZATION, AND
RESEARCH

Seeps have been known on the Cascadia
Margin since the 1990s (Suess et al., 1999;
Rehder et al., 2002; Collier and Lilley,
2005; Heeschen et al., 2005), but the pace
of discovery of gas seeps increased greatly
when the application of sonar backscatter

for detecting gas bubbles in the water col-
umn revealed that seeps are ubiquitous
on the continental shelf and slope (Riedel
et al., 2018; Johnson et al., 2019; Merle
et al, 2021). Several EOI-led cruises
since 2016 (Figure 1) have been instru-
mental in systematically mapping and
characterizing methane seeps within the
US Cascadia Margin, resulting in a foun-
dational database and inventory of nearly
3,500 bubble seep locations, grouped
into over 1,300 seep sites, at water depths
ranging from 100 m to >2,000 m (Merle
et al,, 2021). The mapping coverage rep-
resented in this database is still only
~40% of the entire Cascadia Margin sea-
floor area, so many thousands more seeps
are likely present. Seeps release methane
into the water column, create carbonate
hard ground habitat, and host the conver-
sion of chemosynthetic energy into bio-
mass that radiates into the benthic envi-
ronment (Levin et al., 2016), raising the
importance of exploration and charac-
terization of coastal margin seeps. Merle
etal. (2021) found a high incidence of gas
plumes on the shelf in water shallower
than 200 m. The shelf remains largely
un-surveyed for bubble plumes, so it is
likely that many more seep sites will be
located in the future at shallow depths
where methane is more likely to reach the
atmosphere (Michel et al., 2021).

EOI has contributed to the explora-
tion, enumeration, and characteriza-
tion of methane seeps along the Cascadia
Margin (Figure 2) by organizing and
leading cruises (Figure 1) and publishing
results on the distribution of seeps (Merle
et al., 2021; Johnson et al., 2022), the
chemical and isotopic compositions of
seep gases and their origins (Baumberger
et al., 2018), the variation of microbial
communities across seep sites (Seabrook
et al., 2018), and the acoustic signatures
of seeps (Dziak et al., 2018). A survey of
methane on the 2021 NOAA West Coast

Ocean Acidification cruise indicates that
methane from seeps reaches the sur-
face ocean over the continental shelf and
upper slope (Butterfield et al., 2022), con-
tributing to the marine methane flux to
the atmosphere.

EOI has contributed to technology
development for understanding seeps
with a new gas-tight methane hydrate
sampler (Figure 2d; Lupton et al., 2018)
and field testing of a deep-sea laser spec-
built by
Systems Inc. for in situ methane anal-

trometer Opto-Knowledge
ysis. EOI work on Cascadia Margin has
primarily been supported by the NOAA
Office of Ocean Exploration (OE) and
PMEL in partnership with the Ocean
Exploration Trust (OET), using OET’s
E/V Nautilus and its remotely operated
vehicle (ROV) Hercules. OET priori-
tizes public education and outreach, as
well as making data widely available, so
these EOI cruises and discoveries have
received significant media and public
interest while contributing substantially
to national data repositories.

The diversity of Cascadia methane
seeps is still being uncovered, and given
that only ~30 of the thousands of seep
sites have been visited and sampled by
human-occupied vehicles (HOVs) or
ROVs, there is much more to explore and
discover. Correlation between an anom-
aly in the deep subseafloor structure, from
2021 R/V Langseth seismic reflection data
and the distribution of seep locations
from acoustic water column data, led to
the discovery of a rarely observed warm
seep at the base of the continental slope
~15 km east of the Cascadia deformation
front offshore southern Oregon (Beeson
et al., 2022). The warm seep implies that
the fluids are rising from deep within the
continental margin, probably along an
active fault. An open question for future
studies is to determine how common or
rare such warm seep sites may be and if

FACING PAGE. Photo of the midsection of a metal sulfide chimney, 1970 m depth, at Puy des
Folles volcano, Mid-Atlantic Ridge, from ROV SuBastian dive 500, April 2, 2023. Abundant vent
fish (Zoarcidae), shrimp (Alvinocaridae), limpets (Lepetodrilidae), and crab (Bythograeidae) are seen
on the oxidized (orange) and bacterial mat-covered (white) surfaces of this diffusely active hydro-

thermal vent. © Schmidt Ocean Institute
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monitoring them may provide valuable
information about tectonic stresses and
earthquake potential within the subduc-
tion zone (Phillip et al., 2023).

HYDROTHERMAL VENTS AND
SUBMARINE VOLCANOES

EOI contributes to exploration, discov-
ery, and research on seafloor hydro-
thermal vents and volcanic processes
(Figure 1). Data from instruments built
by PMEL and installed as part of the
Ocean Observatories Initiative (OOI)
network led to the successful fore-
cast of an eruption at Axial Seamount
(Juan de Fuca Ridge, Northeast Pacific

Lost City o
o

Mid-Atlantic

South East
Pacific

Ocean) in 2015, and previously sched-
uled field work allowed for characteriza-
tion of the new lava flow and changes in
hydrothermal discharge (Chadwick et al.,
2016; Baker et al., 2019).

Exploration of the Mariana back-
arc basin from R/V Falkor in 2015
(one of many collaborations with the
Schmidt Ocean Institute) resulted in
the detection of plumes from 13 previ-
ously undocumented vent sites (Baker
et al, 2017). Subsequent NOAA Ship
Okeanos Explorer/ROV  Hercules and
Schmidt Ocean Institute R/V Falkor/
ROV SuBastian dives in 2016 at four of
the newly detected hydrothermal areas,
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| | | | | |
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including a recent and still-cooling back-
arc lava flow (Chadwick et al., 2018)
and a large high-temperature vent field
at 17°N (Figure 3), provided essential
data for comparing the biology and geo-
chemistry of arc and back-arc settings
(Brunner et al., 2022).

In March-April, 2023, an EOI-
led team of international researchers
employed water column surveys, high-
resolution bathymetric mapping with
two Monterey Bay Aquarium Research
Institute autonomous underwater vehi-
cles, and ROV dives during the inaugu-
ral expedition of the new Schmidt Ocean
Institute R/V  Falkor (too) to explore

FIGURE 1. Earth-Ocean Interactions
(EOI) Program field projects, 2014-2023.
(@) Map of field research areas for EOI
2014-2023. White text indicates geo-
graphical areas of research. White circles
indicate areas where remotely operated
vehicle (ROV) dives were conducted. Red
text and red triangles mark sites of volca-
nic eruptions investigated by EOI. Blue
text and blue lines show cruise tracks
and cruise names. (b) Timeline of PMEL/
EOI research expeditions from 2014 to
2023. Dark gray text denotes cruises led
by EOI. Blue denotes cruises with sig-
nificant participation by EOI. During this
time, EOI scientists logged >2,500 per-
son-days at sea on 24 research cruises
with 661 ship days. Symbols and location
names show the timing of volcanic erup-
tions discovered and/or studied by EOI.
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three target areas along the Mid-Atlantic Ridge. The FKt230303 expedition
(https://schmidtocean.org/cruise/in-search-of-hydrothermal-lost-cities/

cruise-log) discovered three new high-temperature hydrothermal systems
between 20°N and 25°N, including vents on two oft-axis oceanic core com-
plexes and one on-axis volcano. The only active hydrothermal areas previ-
ously known in this section of the Mid-Atlantic Ridge, Snake Pit and the
Trans-Atlantic Geotraverse (TAG) field, were both discovered in 1985.

With mounting pressure to supply critical minerals for electric vehicles
and other technology as the climate crisis intensifies, there is an ongoing
debate about the need for, the economic feasibility of, and the degree of
environmental harm to be expected from deep-sea mining of hydrothermal
mineral deposits and manganese nodule deposits. Continuing to gather sci-
entific data about deep-sea hydrothermal sites is of primary importance in
order to understand the ecosystem services they provide and to develop
science-based environmental management plans to protect ocean health
and regulate deep-sea mining (Boschen et al., 2016).

Most metals exiting the seafloor at hydrothermal vents form near-field
mineral deposits (e.g., mounds and chimneys) or precipitate and settle to
the seafloor close to their sources. However, hydrothermal iron is trans-
ported more than 4,000 km west from the southern East Pacific Rise across
the south Pacific Ocean basin (Resing et al., 2015) in a plume that aligns with
the well-documented hydrothermal helium (*He) plume (Lupton and Craig,
1981; Lupton, 1998). Iron is an important, and often limiting, micronutrient
for primary production in the surface ocean, and hence, has a significant
role in converting CO, to particulate carbon and exporting it to the seafloor.
Characterizations of the distribution and magnitude of hydrothermal iron
sources (Resing et al., 2015; Baker et al., 2016; Buck et al., 2018) and trans-
port mechanisms (Wang et al., 2021; Tagliabue et al., 2022b; Lough et al,,
2023) are critical factors in modeling how and where primary productivity
depends on hydrothermal iron, and improved understanding of these factors
could help evaluate the feasibility of ocean iron fertilization as a CO, removal
mechanism. Modeling studies connect hydrothermal iron to primary pro-
duction and the global carbon cycle, especially in the Southern Ocean where
hydrothermal iron may be responsible for 15%-30% of the export produc-
tion south of the Polar Front (Resing et al., 2015; Tagliabue and Resing, 2016).
Modeling also predicts that hydrothermal venting in or near the Southern
Ocean is likely to be the most important source area of hydrothermal iron
for carbon export (Tagliabue and Resing, 2016). This model prediction is
supported by recent observations of elevated iron and manganese above
the Pacific-Antarctic Ridge crest (Tagliabue et al., 2022a). The discovery of
hydrothermal activity on the Australian-Antarctic Ridge (Hahm et al,, 2015),
combined with the presence of this venting below a massive phytoplankton

FIGURE 2. ROV Hercules photos show representative images of Cascadia Margin
seeps taken during E/V Nautilus expeditions. (a) A vigorous methane bubble release
from a 700 m deep pit at the Coquille site was imaged during NAO95 in 2018. The
pit was 2 m deep and 4 m in diameter. Its walls were coated by a mix of hydrate
and white bacterial mats. (b) White and orange bacterial mats at the active meth-
ane seep site SW Heceta Bank at 1,235 m water depth were captured during expe-
dition NAO95 in 2018. (c) Temperature is measured in a clam bed surrounded by brit-
tle stars at the warm seep site NW Coquille Seamount at 1,765 m water depth during
NA128 in 2021. (d) Hydrate samples were collected using a gas-tight sampler at a
methane hydrate outcrop with active bubble release in Astoria Canyon at 757 m water
depth during NA128 in 2021.
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bloom in the surface Southern Ocean

(Schine et al., 2021), has inspired an expe-
dition to this region by EOI scientists and
collaborators that is scheduled for 2025.
Its objective is to definitively link hydro-
thermal venting and primary productivity
in the Southern Ocean.

Deep-sea exploration contributes to
understanding how seafloor processes
impact ocean biogeochemistry, support
sustainable resources, pose potential haz-
ards to coastal communities, and con-
tribute to the accumulation or removal
of greenhouse gases in the atmosphere.
Most of the seafloor is still unexplored,
including large tracts of the US exclu-
sive economic zone and most of the
Southern Ocean. The submarine por-
tions of the Aleutian arc, where there are
many active subaerial volcanoes, have
been neither mapped with sufficient
resolution nor systematically surveyed
for submerged hydrothermal/volcanic
activity. The territories of the Northern
Mariana Islands, American Samoa, and
the US Virgin Islands are all located near
submarine arc volcanoes, many of which
were shown to be active through Vents
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FIGURE 3. The Hafa Adai vent field, at 3,300 m depth near 16.96°N, 144.87°E in the Mariana
back-arc basin, was discovered in 2015 and surveyed in 2016. (a) A bathymetric map of the
vent field shows ROV dive tracks and locations of six active vents. (b) A vertical surface on the
side of Sequoia chimney supporting representative fauna including shrimp, limpets, snails,
and crab was imaged during dive S43 on December 9, 2016. (c) Active black smokers at the
top of Two Towers chimney were photographed during dive S41 on December 7, 2016. Photos

© Schmidt Ocean Institute

and EOI explorations. The massive erup-
tion of the Hunga Tonga-Hunga Haapai
volcano in January 2022, and resulting
tsunamis, highlighted the importance of
understanding the hazards posed by sub-
marine arc volcanoes with summits near
the sea surface, as well as the role of shal-
low eruptions in stimulating ocean pro-
ductivity (Bonnet et al., 2023). The PMEL
EOI program aims to continue to explore
and contribute to the development
of innovative technology and ocean/
seafloor observation methods to address
current and emerging issues of scientific
and societal importance.

FLIPBOOK EDITION

The flipbook edition of this issue contains videos asso-
ciated with the title page photo and Figure 3. Go to
https://doi.org/10.5670/oceanog.2023.229 to access
the flipbook.
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