
fmars-08-727199 October 19, 2021 Time: 18:36 # 1

REVIEW
published: 25 October 2021

doi: 10.3389/fmars.2021.727199

Edited by:
Stefano Aliani,

National Research Council (CNR), Italy

Reviewed by:
Pavlos Megalovasilis,

University of Patras, Greece
Donato Giovannelli,

University of Naples Federico II, Italy

*Correspondence:
Solveig I. Bühring

sbuehring@marum.de

Specialty section:
This article was submitted to
Marine Ecosystem Ecology,

a section of the journal
Frontiers in Marine Science

Received: 18 June 2021
Accepted: 20 September 2021

Published: 25 October 2021

Citation:
Caramanna G, Sievert SM and

Bühring SI (2021) Submarine
Shallow-Water Fluid Emissions

and Their Geomicrobiological
Imprint: A Global Overview.
Front. Mar. Sci. 8:727199.

doi: 10.3389/fmars.2021.727199

Submarine Shallow-Water Fluid
Emissions and Their
Geomicrobiological Imprint:
A Global Overview
Giorgio Caramanna1, Stefan M. Sievert2 and Solveig I. Bühring3*

1 GeoAqua Consulting, Vineyard Haven, MA, United States, 2 Biology Department, Woods Hole Oceanographic Institution,
Woods Hole, MA, United States, 3 MARUM – Center for Marine Environmental Sciences, University of Bremen, Bremen,
Germany

Submarine fluids emissions in the form of geothermal vents are widespread in a variety of
geological settings ranging from volcanic to tectonically active areas. This overview aims
to describe representative examples of submarine vents in shallow-water areas around
the globe. The areas described include: Iceland, Azores, Mediterranean Sea (Italy and
Greece), Caribbean, Baja California, Japan, Papua, New Zealand, Taiwan. Common and
divergent characteristics in terms of origin and geochemistry of the emitted fluids and
their impact on the indigenous organisms and the surrounding environment have been
identified. In the hottest vents seawater concentration is common as well as some water
vapor phase separation. Carbon dioxide is the most common gas often associated
with compounds of sulfur and methane. In several vents precipitation of minerals can
be identified in the surrounding sediments. The analyses of the microbial communities
often revealed putative chemoautotrophs, with Campylobacteria abundantly present at
many vents where reduced sulfur compounds are available. The techniques that can
be used for the detection and quantification of underwater vents are also described,
including geophysical and geochemical tools. Finally, the main geobiological effects due
to the presence of the hydrothermal activity and the induced changes in water chemistry
are assessed.

Keywords: shallow-water fluid emissions, hydrothermal systems, hydrothermal geomicrobiology, hydrothermal
geochemistry, geology of hydrothermal systems

INTRODUCTION

Submarine vents can be found worldwide in tectonically active environments ranging from
volcanic areas to active tectonic lineaments. Each emission has specific geochemical signatures
as a function of its origin (Dando, 2010), and even neighboring systems can vary significantly in
terms of their geochemistry (Megalovasilis, 2014). Here we describe representative examples of
such shallow-water vents (Figure 1).
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Many of the vents are at depths that can be safely reached
by scientific divers; allowing the scientists to directly study the
phenomena with a far higher degree of detail than that achievable
with any remotely operated system. The shallow-water setting is
also useful for cost-effective testing and validation of sampling
and monitoring techniques, which can then also be applied to
deep-water environments.

Submarine hydrothermal vents have different chemical
signatures and the effects on the surrounding environment
are a function of the composition of the fluids, the volume
of the seeps and the spatial and temporal distribution of
the emissions. Figure 2 presents schematic diagrams of the
fluids exchanges in geothermal vents. The fluids emitted from
geothermal vents are generally characterized by low pH, negative
redox potential and high temperatures. The gas phase has often
high concentrations of CO2, H2S, CH4 of thermogenic origin and
He from magmatic and mantle sources (Chiodini et al., 2006);
steam is also occasionally present when the temperature is above
the boiling point for the given depth. In the liquid phase, brines
formed by phase separation of seawater, entrained seawater, and
groundwater originating from coastal aquifers can be present
in variable percentages (Dando et al., 2000; Tassi et al., 2009).
The fluids, following the mixing with colder seawater and during
the passage through the sedimentary layers, will also precipitate
solid deposits including a variety of sulfosalts, metal sulfides,
amorphous silica, Mn, Fe-oxyhydroxides and calcite; there is also
an enrichment in potentially toxic elements such as Hg, As and
heavy metals (Pichler and Veizer, 2004; Varnavas and Cronan,
2005; Conte and Caramanna, 2010). The emissions can also be
associated with the deposition of large hydrothermal deposits
(Binns and Scott, 1993; Savelli et al., 1999), some of which are
considered to be at the origin of significant ore bodies such as
the Kuroko-type deposits (Ohmoto and Skinner, 1983; Urabe and
Kusakabe, 1990).

Submarine vents and the associated hydrothermal fluids play
an important role in shaping the chemistry of seawater in
terms of enrichment in specific ions, chemical compounds,
dissolved gas concentration and induced pH and redox changes
(Dittmar and Koch, 2006; Lang et al., 2006; Walker et al., 2008;
Bennett et al., 2011; Gomez-Saez et al., 2016). Shallow-water
hydrothermal systems often expel high concentrations of metal,
with some of the metals serving as micronutrients in oligotrophic
waters (e.g., Fe) while others, such as Cu, may be essential
in lower concentrations, but toxic at higher concentrations.
Three basic processes can occur to the dissolved metals under
hydrothermal conditions: (1) oxidation and precipitation, (2)
complexation by inorganic ligands, (3) complexation by organic
ligands. A study by Kleint et al. (2015) indicated organic
complexation of Cu in hydrothermal fluids of different shallow-
water hydrothermal systems. Many microorganisms living in
these habitats produce small organic molecules, ligands, that
are able to form complexes with different metals, to either
enhance their bioavailability or to decrease their toxicity
(Klevenz et al., 2012). Arsenic (As) is another potentially
toxic element that can be released in higher concentrations
from hydrothermal vents, and organisms at vents have been
shown to express detoxification mechanisms and specialized

microbes exist at vents that can use it to generate energy (e.g.,
Ahmann et al., 1997; Price et al., 2013a; Callac et al., 2017).
Iron is an essential micronutrient for all marine organisms,
and it has been shown to be transported far away, i.e.,
thousands of km from deep-sea hydrothermal vents, even
reaching the photic zone, due to dissolved-particulate exchange
processes (Fitzsimmons et al., 2017). The transformation and
distribution of soluble and complexed iron and other metals
in shallow vent areas is a major gap in knowledge, which
needs to be addressed as these compounds directly impact
the photic zone of coastal oceans. The impact that these
emissions have on the marine environment includes acidification,
changes in dissolved gas concentration leading to potential
hypoxic conditions, positive thermal anomalies and toxic metals
accumulation in the sediments surrounding the vents which
can alter the biological functions of marine organisms living
close to the seepage (Tarasov et al., 1999; Cunha et al., 2008;
Couto et al., 2010).

Some of the shallow-water vents with fluids that have
a high percentage of CO2 have been considered as natural
analogs for the study of the consequences of ocean acidification
(Hall-Spencer et al., 2008; Vizzini et al., 2010) or as field-
laboratories to develop detection and monitoring techniques
for potential seepage from sub-seabed CO2 geological storage
areas (Caramanna et al., 2005; Shitashima et al., 2008). The
benthic communities of shallow-water venting areas have
many characteristics in common with communities subject to
anthropogenic impact (Tarasov, 2006). Shallow-water vents are
frequently within the photic zone and the emitted hydrothermal
fluids are often enriched in nutrients and reduced compounds,
providing two energy sources for primary production:
photosynthesis and chemosynthesis, using the energy generated
through the oxidation of the reduced compounds to fix CO2.
Hydrothermal systems harbor diverse microbial communities,
with anaerobic thermophiles in particular thought to share
characteristics with evolutionary early life forms on Earth
(Stetter, 2006). The first isolated hyperthermophiles where
obtained from shallow-water hydrothermal systems (Stetter,
2006) and to date a large number of extremophiles have been
identified, able to utilize practically all reduced compounds
of volcanic origin as electron donors in energy metabolism
(Jochimsen et al., 1997; Sievert and Kuever, 2000; Oremland and
Stolz, 2003; Handley et al., 2009; Price and Giovannelli, 2017).
With the study of microbes from hydrothermal environments,
many questions ranging from the adaptation to extreme
conditions, microbe-metal interactions, to the origin of life
might be answered.

This review provides an overview of submarine fluid
emissions in shallow waters (< 200 m), their impact on
the environment, the biota associated with these fluids, the
techniques that can be applied for their detection and monitoring,
and the insights that can be gained from their study. We intend
this review as a reference work for the geology and geobiology of
the different shallow-water venting sites that have been studied so
far, rather than providing a comparative assessment of shallow-
water and deep-sea hydrothermal systems, as for example given
in the review by Price and Giovannelli (2017).
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FIGURE 1 | General location of the presented areas 1: Gulf of Naples (a), Tor Caldara (a’), 2: Aeolian Islands: Vulcano (b), Panarea (c), 3: Aegean Sea [Milos (d),
Kos (e), Santorini (f)], 4: Azores Islands, 5: Iceland, 6: Papua New Guinea, 7: Taiwan, 8: Kagoshima Bay, 9: New Zealand, 10: Kurile Islands, 11: Baja California,
12: Lesser Antilles [Dominica (g), St. Lucia (h), Mont Serrat (i)].

GEOLOGICAL SETTINGS,
GEOGRAPHICAL DISTRIBUTION,
GEOCHEMISTRY AND
GEOMICROBIOLOGY OF SUBMARINE
SHALLOW-WATER VENTS

Due to the presence of active plate margins, subduction zones,
volcanic island arcs and hotspots, active volcanism is present
in isolated islands, archipelagos, coastal zones and ocean ridges
(Batiza, 1982; Simkin et al., 1989; Wilson, 1993; Siebert et al.,
2011; Nomikou et al., 2013). Submarine hydrothermal vents
associated with volcanically active areas emit fluids of variable
composition and temperature with a chemical signature clearly
different from that of the surrounding seawater (Price and
Giovannelli, 2017). In this review, we present the characteristics
of a selection of submarine fluid emissions in different
volcanically and tectonically active areas.

Gulf of Naples (Italy)
The Gulf of Naples is a large bay along the southern Tyrrhenian
shore of Italy. The gulf is delimited by Sorrento Peninsula and
Capri Island on the south and by the Campi Flegrei, Pozzuoli
Bay, Procida Mount and the islands of Procida and Ischia on

the north. The dominant feature is the active Somma-Vesuvius
stratovolcano along the shore a few km southeast of the city
of Naples. The Somma-Vesuvius was originated by a series of
effusive and Plinian explosive eruptions, while Pozzuoli Bay is the
result of the collapse of a larger caldera following the eruption
of the Campi Flegrei area 12 ka ago. There is strong geothermal
activity with hot springs and gas emissions both onshore and
offshore in the area (Scandone et al., 1991). Several gas vents
are aligned along NW-SE tectonic structures on the seafloor of
the Gulf of Naples about 2.5 km offshore the Vesuvius at depth
ranging from 50 to 100 m. The acoustic signature of the emitted
bubbles and the presence of sediments “charged” by gas below the
seafloor is clearly visible along seismic profiles (Milia et al., 1998).

In the Pozzuoli Bay, other vents are present in water depth
ranging from a few meters to about 30 m. The emitted gas is
predominantly composed of CO2 (up to 985.7 µmol mol−1) with
smaller amounts of H2S (up to 7.2 µmol mol−1) and CH4 (up
to 5.9 µmol mol−1); the measured temperature of the emitted
fluids is around 90◦C. Based on the 3He/4He isotope ratio and
geothermometry considerations, the source is likely to be a deep-
seated hydrothermal/magmatic body with mantle contribution
with T above 350◦C (Tedesco et al., 1990; Orlando et al., 2011).

Another very active area in the Gulf of Naples is the island
of Ischia. The island is part of the same volcanic district of
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FIGURE 2 | General scheme of geothermal fluids interactions with bedrock, groundwater and seawater.

Campi Flegrei and Somma-Vesuvius; a series of deposits formed
by submarine explosive eruptions, aligned along a NE-SW main
fault system (Paoletti et al., 2009). Several springs fed by thermal
waters and fumaroles on the island are known and have been
used since Roman times. The emitted fluid is represented by
water vapor in equilibrium with CO2, H2S, CH4, H2 and Ar.
The origin of such emissions is considered to be linked to two
different sources: one aquifer at around 400 m of depth and with
T around 250◦C, and a deeper aquifer at about 900 m depth and
at 300◦C. The less deep aquifer is recharged by meteoric water
with a component of seawater infiltrating along the shoreline
as highlighted by an increase in Total Dissolved Solids (TDS)
toward the coastal areas and by the Na/Cl ratio. The source of
CO2 is a deep cooling magmatic body; the CO2 during its upward
movement is modified by crustal input undergoing a δ13C
differentiation through interaction with the aquifers (Inguaggiato
et al., 2000; Chiodini et al., 2004; Di Napoli et al., 2009). A series
of submarine vents are located in shallow-water (less than 10 m
of depth) along the eastern shore of the island near the Castello
Aragones. The vents release almost pure CO2 (90 to 95%) with
N2 ranging from 3 to 6% and an absence of sulfuric compounds.
The presence of CO2 reduces the seawater pH, and the absence
of potentially toxic sulfur compounds makes this site a good
area to study the effects of ocean acidification on marine biota
(Hall-Spencer et al., 2008).

Macrofaunal benthic community patterns of the
hydrothermal area of Secca Delle Fumose was studied by

Donnarumma et al. (2019), revealing a preference by a few
resistant, opportunistic species, such as the gastropod Tritia
cuvierii and the polychete Capitella capitata. Low structural and
functional diversity with high biomass and dominance of a few
species was the result of investigating the nematofauna of the
same site (Baldrighi et al., 2020). Combining investigations of
macro and meiofauna, acidification was found to markedly affect
β-diversity in the system (Appolloni et al., 2020). An increase in
heterogeneity among sample replicates coupled to a decrease in
number of taxa was argued as an indicator of redundancy loss
and of resilience capacity.

Aeolian Islands (Italy)
The Aeolian Islands lie in the Southern Tyrrhenian Sea, twelve
miles north of the coast of Sicily. The archipelago is composed
of seven main islands (Alicudi, Filicudi, Lipari, Panarea, Salina,
Stromboli, and Vulcano) and several islets and seamounts in a
very active seismic and volcanic area along the south-eastern
slope of the Tyrrhenian abyssal plain. The first volcanic events
are dated to be 1.3 Ma old based on the age of the basalt emitted
from Sisifo seamount, which is considered to be part of the
submerged section of the archipelago, with the islands of Vulcano
and Stromboli still hosting active volcanoes. Salina, Lipari and
Vulcano islands are aligned along a NNW-SSE striking fault
system and correspond to the outcrop of a volcanic ridge where
activity began 188 ka in Lipari and moved toward Salina with
deposits of 168 ka and then south to Vulcano Island where the
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current active system is located. On the eastern sector of the
archipelago, the volcanism started in Panarea 10 ka ago and is
now active on Stromboli (De Rosa et al., 2003 and references
therein). Hydrothermal activity is present on the islands both
onshore and offshore with fumaroles and fluids emissions. In
particular, submarine vents can be found close to the coast of
Vulcano Island in the bay of Porto di Levante and east of Panarea
Island (Dando et al., 1999).

The activity on Vulcano Island following the last eruption
in 1888-1890 is currently characterized by fumarolic emissions
along the rim of the La Fossa crater and close to the shore of
Porto di Levante with temperatures up to 500◦C and up to 100◦C,
respectively (Capasso et al., 1999). Several vents are active in very
shallow water (from less than 1 m to about 20 m) in the Porto di
Levante bay area (Figure 1). The emitted fluids are characterized
by low pH [below 6, (Aiuppa et al., 2021)], enrichment in Si,
Fe, Mg and H2S and CO2 both as free and dissolved gases. The
temperature is above the ambient water with values up to 65.5◦C.
The likely origin of the vents is the mixing between volcanic fluids
and ambient seawater plus local contribution of groundwater in
some of the vents (Sedwick and Stuben, 1996).

Another active area is located east of the island of Panarea
close to the islets of Bottaro and Lisca bianca (Figure 1). This area
was affected by a strong submarine eruption of gas in November
2002 (Chiodini et al., 2006); the most active vent generated a
pseudo-crater structure on the seafloor at about 15 m of depth
emitting gas flux estimated at 4.4 ∗ 108 l d−1 (Aliani et al., 2010).
In subsequent years, the emission decreased, but several active
vents still emit fluids at water depths ranging from 8 to 25 meters.
The vents are aligned along active faults with N-S, E-W and NE-
SW trend. The gas phase is prevalent, and it is mainly composed
of CO2 (mean value of 94%), H2S (mean value 2%) and CH4
(mean value 120 ppm). The emitted gas generates plumes of
bubbles creating pseudo-convective cells of high vorticity leading
to turbulence and entrainment phenomena that affect the gas-
water exchange (Espa et al., 2010; Caramanna et al., 2011).

Some of the vents emit hot (temperature ranging from 46 to
135◦C), acidic water (pH ranging from 2.6 to 6.0), composed
of a mix of deep fluids and seawater, including brines formed
by phase separation in the hottest vents (Tassi et al., 2009).
The area was sampled and surveyed by scientific divers in 2007
identifying a vent associated with deposition of Pb-As sulfosalts,
Zn-Pb sulfides and Ba sulfates precipitating from a hot (T around
150◦C) plume emitted from the seafloor at 25 m of depth
(Conte and Caramanna, 2010). The precipitates originate from
a flat structure outcropping from the surrounding sandy seafloor
(Figure 3). Kadar et al. (2012) provided analytical evidence for
the presence of a large fraction of seep derived elements in the
water column (e.g., approximately 50% of iron, over 80% of Mn,
100% of Cr, S and Zn) in the form of nano sized particles (e.g.,
< 100 nm) even at typical open ocean pH.

Due to the ease of access and range of conditions, a number
of studies have been conducted studying the geochemistry and
microbiology of the vents of the Aeolian Islands, in particular
around Volcano and Panarea (Gugliandolo and Maugeri, 1993,
2019; Gugliandolo et al., 1999; Manini et al., 2008; Rusch and
Amend, 2008; Karuza et al., 2012; Price et al., 2015). These

mostly cultivation- or total cell count-based studies showed
the presence of various chemoautotrophs, predominantly sulfur-
oxidizing bacteria, and heterotrophs, and could also demonstrate
the influence of the vents on the distribution of viruses and
prokaryotes. A combined approach of denaturant gradient gel
electrophoresis (DGGE) and metagenomic sequencing revealed
a high diversity of hyperthermophilic archaea (Antranikian et al.,
2017). In particular, the Staphylothermus and Thermococcus, and
strains of the aerobic hyperthermophilic genus Aeropyrum, were
abundant. Regarding the bacterial community, Campylobacteria
(formerly Epsilonproteobacteria; reclassified by Waite et al.,
2017), especially the genera Sulfurimonas and Sulfurovum,
were highly abundant. Amend et al. (2003) could show that
oxidation reactions with O2 release significantly more energy
than most anaerobic oxidation reactions, but the energy yield
is comparable or even higher for several reactions in which
NO3

−, NO2
− or Fe(III) serve as the terminal electron acceptors.

Various hyperthermophiles have been isolated from Vulcano
(e.g., Gugliandolo and Maugeri, 1993; Simmons and Norris,
2002; Stetter, 2006) as well as thermoactive enzymes for
biotechnological applications (e.g., Suleiman et al., 2019).

Tor Caldara (Italy)
Tor Caldara is part of a natural park established in 1988 along
the Tyrrenhian shore of southern Latium just south of the city of
Rome and close to the village of Lavinio (Figure 1). The area is
affected by active emission of endogenic fluids and in the past the
sandy deposits that characterize the area were mined to extract
the minerals, such as sulfur, precipitated from the fluids. Some
geothermal springs were also used for bathing since Roman times
(Mancinella et al., 2020).

This zone represents the southern boundaries of the Albani
Hills volcanic complex. The Albano crater lake is at 24 km of
distance from the area. As relic of the volcanic activity, a large
discharge of endogenic gas is present (Barberi et al., 2019). The
buried carbonatic Mesozoic basement is the main reservoir for
the endogenous gases that rise through a network of faults and
fractures mostly following N-S and W-E directions with NE-SW
and NW-SE lineaments also well represented. A total release of
20 tons/day over an area of 2.93 km2 has been estimated for
the Lavinio-Tor Caldara area (Carapezza et al., 2020). The main
component of the gas is CO2 with values in the range of 93 to
99%, H2S is present with concentration of up to 6% (Barberi et al.,
2019). The carbonatic basement also hosts the regional aquifer
in which the gas dissolves and accumulates, the contribution
of meteoric water prevents the fluid emission from becoming
geothermic. Helium isotopic analysis suggests that the source of
the gas is a deep magma affected by crustal contamination during
its primary generation in a subduction process (Barberi et al.,
2019). There is a slight correlation between seismic activity in the
Albani Hills structure and CO2 degassing, suggesting a possible
concause between gas release and stress-strain release at depth
(Quattrocchi et al., 2009).

The underwater vents are located a few tens of meter offshore
the cliff of Tor Caldara in shallow water (about 3.5 m) and are
part of a series of vents aligned along the local fault system. Two
areas have been identified: one is characterized by sand deposits
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FIGURE 3 | Underwater gas emission and mineral deposition outcrop in an underwater vent in Panarea.

covering the seafloor, the other is characterized by rocky outcrops
and boulders. This latter is composed by lithified sandy clays of
Pliocene age; the same deposits are also present at the foot of the
cliff. The vents in the sand deposits are aligned along a distance
of about 10 m showing rings of black deposits around the orifices
likely due to precipitation of metal-sulfide minerals. The vents on
the rocky bottom are colonized by filamentous sulfur-oxidizing
bacteria, and recent studies have used these vents as a model
system to study the succession and function of chemosynthetic
microbial biofilms (Patwardhan et al., 2018, 2021). Part of the
rocky outcrop has been formed through bioconstructions by
Sabella alveolata (Mancinella et al., 2020). The gas emission
is clearly observable in the form of bubble plumes that reach
the surface of the sea. The gas is composed mainly of CO2
(76.7%), H2S (23.1%) and CH4 (0.18%); the relatively high
concentration of H2S promotes the growth of sulfur-oxidizing
bacteria (Patwardhan et al., 2018).

Aegean Islands (Greece)
Volcanism in the Aegean Sea, and more in general in the Hellenic
Volcanic arc, is generated by the subduction of the African
Plate below the European Plate. The high geothermal gradient
in the area produces a strong hydrothermal circulation with a
large amount of CO2 generated from degassing processes in the
subducted slab coupled with mantle and magmatic contributes
and thermal decomposition of the marine carbonates entrained
during subduction (Dando et al., 1999 and references therein).
The Hellenic volcanic arc has been a very active seismic and
volcanic zone since Tertiary times; one of the strongest events was

the Minoan eruption of 1400 B.C. that led to the formation of
the central caldera of Santorini Island, which reaches about 400
m of depth. Post Minoan eruptions originated the Paleokameni
and Neokameni islands in the middle of the caldera; these
islands are characterized by the presence of hydrothermal vents
in very shallow water (< 10 m), emitting Fe-enriched fluids with
occurrence of Mn and As. Pyrite and iron oxy-hydroxides are
highly abundant in the sediments, precipitating out upon contact
with the cold oxygenated seawater (Varnavas and Cronan, 2005).
Several submarine vents, emitting both geothermal waters and
gases, are present along the shore of mainland Greece and close to
many of the Aegean Islands at depths ranging from a few meters
to less than 300 m. These vents are aligned along main tectonic
fault lines, which, as in other similar situations, act as preferential
paths for the deep-seated fluids to reach the surface. According
to Dando et al. (2000), the sources of the fluids can be attributed
to (1) magmatic input with mantle-derived He component, (2)
seawater-rock interaction in the bedrock and deep crust, and (3)
seawater-sediment-microbial interactions in the upper layers of
the seafloor sedimentary cover.

The emissions are of geothermal origin with temperatures up
to 115◦C, which, due to the relatively shallow setting, is above
the boiling point of the water, allowing for the generation of
a vapor phase (Price et al., 2013b). The liquid phase has three
end members: high-salinity brines of deep origin, low-salinity
fluids and brines derived from the phase separation, and altered
seawater. In Milos, Kos and Santorini islands (Figures 1d–f) the
emission rates range between 0.7 and 124.3 l h−1 (at standard
pressure and temperature, s. p. t.). It was observed that a
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large part of the liquid phase originates in seawater infiltrating
the sedimentary cover of the seafloor by entrainment through
convective cells generated by the rising fluids and gas. The gas
phase is composed of CO2 (≤ 88-99%), H2 (∼ 3%), H2S (∼ 3%)
and CH4 (∼ 1%) (Dando et al., 1995; Kyriaki et al., 2018). The
emission rates range between 4.8 and 96.0 l h−1 (at s.p.t). The
total estimates for CO2 emissions from the area are from 9
to 35 Mt year−1, which is considered influential for the global
geochemical cycle (Dando et al., 2000). Mineralized deposits are
often associated with the vents in form of sulfur deposits and
amorphous silica with bacteria growing on the surface leading to
biogeochemical processes affecting the chemistry of the emitted
fluids (Fitzsimons et al., 1997).

A number of projects have focused on the shallow submarine
hydrothermal systems around Milos over the past 20 years or
so, making it arguably one of the best studied shallow-water
vent areas (reviewed by Bühring and Sievert, 2017). This led to
a comparatively good understanding of the geochemistry and
geomicrobiology of these sites, particularly in Paleochori Bay.
The western part of the Bay is described as being hydrothermally
more active (Khimasia et al., 2020), with hydrothermal fluids
percolating through permeable sediment, creating distinct zones
on the sediment surface. Yellow-orange patches can be found
in the center, surrounded by white and brown areas, often
occurring in concentric circles of about 2 m in diameter
(Sievert et al., 1999; Wenzhöfer et al., 2000; Khimasia et al.,
2020). The yellow-orange precipitates are mainly composed of
amorphous orpiment-like As-sulfides (As2S3) (Godelitsas et al.,
2015), occurring in the hottest areas (≥ 85◦C). Using multi-
analyte voltammetric profiling in retrieved sediment cores, Yücel
et al. (2013) showed that the sediment underlying the white
mats are rich in dissolved Fe2+ and Mn2+ and free sulfide.
In the lower temperature range (∼30–35◦C) on the outer rim
of the white patches, brown-colored manganese and iron oxide
deposits are present (Yücel et al., 2013). These seafloor features
highly depend on hydrodynamic conditions, being influenced
by tides and subseafloor microearthquakes (Fitzsimons et al.,
1997; Sievert et al., 1999; Aliani et al., 2004; Yücel et al.,
2013). Hydrothermal particles from the submarine vents studied
were dominated by Fe, Ca, Si and Al and strongly enriched
in Mn, Cu, Pb, Ca and Ba (Megalovasilis, 2020). A fluid
flux of 11,300 ± 1100 m3/day was calculated from porewater
temperature profiles at 54 locations in the hydrothermal areas
in Paleochori Bay, adding up to an annual arsenic input
of approximately 1.5 × 104 kg into the Mediterranean Sea
(Khimasia et al., 2021).

The fluids are acidic (pH∼5), hot (40–116◦C), highly sulfidic
(up to 3 mM H2S) and extremely enriched in arsenic (up to
78 µM, Price et al., 2013b). Arsenic is also present in the
nanoparticulate phase of the hydrothermal fluids, summing up
for up to 38% of the soluble arsenic (Durán-Toro et al., 2019) and
the synthesis of these particles under simulated environmental
hydrothermal conditions in the laboratory, elucidating the
drivers of precipitation as a natural phenomenon occurring
in marine environments at low pH (Durán-Toro et al., 2022).
A number of bacteria and archaea were isolated from the
Milos hydrothermal system, including the hyperthermophilic

archaeon (Jochimsen et al., 1997; Dando et al., 1998; Arab
et al., 2000), the thermophilic sulfate reducer Desulfacinum
hydrothermale (Sievert and Kuever, 2000), the iron-reducer
Deferrisoma palaeochoriense (Pérez-Rodríguez et al., 2016),
and various chemolithoautotrophic sulfur- and iron-oxidizer
(Brinkhoff et al., 1999; Sievert and Kuever, 2000; Giovannelli
et al., 2012; Norris et al., 2020). Early studies on the bacterial
diversity and community composition along the physicochemical
gradients were conducted using Denaturing Gradient Gel
Electrophoresis (DGGE) as a fingerprinting technique (Sievert
et al., 1999, 2000a). These studies revealed a trend of decreased
diversity with increasing temperature and also documented the
effects of physical disturbances, such as sediment resuspension
due to storm activity, on the bacterial community composition.
Furthermore, it was shown that while Bacteria dominated
the hydrothermal sediments, Archaea became more abundant
with increasing temperature (Sievert et al., 2000b). By directly
sequencing the 16S rRNA, Price et al. (2013b) investigated the
microbial diversity at two sites with differing hydrothermal fluid
composition caused by phase separation. A model that considers
seawater mixing with hydrothermal fluids revealed that there
is up to ∼50 times more energy available for microorganisms
that can use S0 or H2S as electron donors and NO2

− or O2 as
electron acceptors compared to other reactions (Lu et al., 2020).
Using sulfide and sulfate isotopic composition, Houghton et al.
(2019) found sulfide oxidation predominating in hydrothermally
affected areas, whereas active sulfate reduction was evident within
the transition zone. The microbial communities of the surface
sediments of the high salinity site were consequently dominated
by sulfide-oxidizing Campylobacteria, whereas the low salinity
site showed a predominance of Bacteroidetes (Flavobacteria) and
Thermoplasmatales in the surface sediments, with a transition
to Campylobacteria and Thermoproteales in the deeper layers.
A study by Giovannelli et al. (2013), also revealed the overarching
importance of Campylobacteria (60% of all sequences), in
particular sequences related to the chemolithoautotrophic genus
Sulfurovum. Gammaproteobacteria were found to increase in
relative abundance with increasing distance from the vent center.
A detailed study using next generation sequencing of 16S rRNA
tags investigated changes in bacterial and archaeal diversity
along a thermal gradient at a finer scale, identifying distinct
zones corresponding to differences in community composition
for both Bacteria and Archaea (Bühring and Sievert, 2017).
Membrane lipid adaptations to the extreme conditions were
assessed by Sollich et al. (2017). Based on intact polar lipids
(IPL), archaea were found to dominate over bacteria in sediments
with temperatures above 50◦C, reflecting the low permeability of
their ether-linked isoprenoidal lipids, which makes them more
resistant to elevated temperatures.

Azores (Portugal)
The Azores Archipelago is composed of nine volcanic islands
spread WNW-ESE along the 500 km outcrop of the Azores
Plateau close to the triple junction of North America, Eurasian
and African plates. The Mid-Atlantic Ridge divides the
archipelago into three areas: Western Group, Central Group
and Eastern Group. Geothermal and CO2-enriched waters and
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fumaroles are widespread on the islands both onshore and
offshore (Cruz, 2003).

The dynamic of fluids is controlled by complex
hydrogeological patterns with exchanges between a basal
Na-Cl aquifer strongly influenced by seawater infiltration and
perched aquifers characterized by Na-HCO3 and Na-HCO3-Cl
waters, which can be divided in three groups as a function of
temperature: cold (ambient temperature), thermal (up to 75◦C)
and boiling (up to 93◦C). A further group of waters showing a
Na-SO4 matrix with pH 2.02–2.27 are boiling pools from steam-
heated perched aquifers. The water chemistry is also influenced
by the weathering of the bedrock minerals and by entrainment of
CO2 from the gas phase (Cruz and França, 2006). Proof that the
geothermal aquifer is affected by seawater infiltration is the tidal
influence on the CO2 concentration in the basal aquifer of Siete
Ciddades volcano on S. Miguel Island. In this Na-Cl type aquifer,
dissolved CO2 values range from 351 to 86 mg l−1 depending
on the tidal regime; moreover, goethite and ferrihydrite with
adsorbed As are precipitated from deep fluids enriched in Al,
Fe and As when these are mixed with seawater (Carvalho et al.,
2011). High values of dissolved CO2 (up to 365 mg l−1) and
hydrothermal seepage are also observed in some of the 90 lakes
that occupy volcanic craters, calderas and other tectonic and
topographic depressions on the Azores (Cruz et al., 2006).

Within the Azores Archipelago, the D. Joao de Castro
Seamount is an active underwater volcano; its first recorded
eruption was in December 1720 and the most recent was in
June-July 1997 at about 1,000 m of water depth. The top of the
seamount is at around 13 m of depth and is occupied by a caldera
with maximum depth of 40 m. Several active hydrothermal vents
have been sampled in the shallow water. The vents are divided
into two groups – “Yellow vents” and “White vents” – both types
are aligned along fractures on the seafloor.

Nine other shallow-water hydrothermal sites have been
identified (Cardigos et al., 2005) along the shores of Flores,
Faial, Graciosa and S. Miguel islands (Aguiar and Costa, 2010).
The emitted plumes influence the surrounding environment,
originating up to 3◦C higher temperatures and pH variations with
a decrease of up to a few units within the water column mostly
during low tide (Couto et al., 2010).

Up to this point, few studies, using both cultivation-based
and cultivation-independent approaches, have been conducted
to study the microbiology of the shallow-water vents around
the Azores (Raghukumar et al., 2008; Mohandass et al., 2012;
Rajasabapathy et al., 2014, 2018). Rajasabapathy et al. (2014,
2018) found that, in contrast to most other hydrothermal
systems, which are dominated by ε-proteobacteria, the vents
off Faial island were dominated by γ-proteobacteria. Ramasamy
et al. (2020) was able to isolate an extremely copper tolerant
Alcanivorax species (up to 600 µg mL−1).

Reykjanes Peninsula and Kolbeinsey
(Iceland)
Iceland is a volcanic island in the Northern Atlantic; it is
originated by the emersion of the Mid-Atlantic Ridge. Its origin
is likely linked to a hotspot of upwelling from a relatively narrow

mantle plume that is migrating eastwards (Shen et al., 1998).
Other alternative origins need to be considered also due to the
lack of definitive evidence on the presence of seismic anomalies
in the lower mantle, which should be present in case of a
plume (Foulger and Anderson, 2005). Widespread flood basalts
are emitted by the intense volcanic activity along the rift zone
with measured geothermal gradients of up to 150◦C km−1 and
with magma present between 10 to 30 km depth (Flóvenz and
Saemundsson, 1993). These magmatic chambers are the heat
source of a strong high-temperature hydrothermal activity along
the rift where high-permeability areas (up to 150 millidarcies)
are associated with sub-vertical faults and fractures. These faults
and fractures allow for the formation of convective cells in the
groundwater reservoirs fed mostly by meteoric water with local
intrusion of seawater along some coastal areas such as in the
Reykjanes Peninsula. The maximum temperature measured was
380◦C down-hole a well at a depth of 2,200 m. The discharged
water has Si, Na, Cl, SO4 as main ions and CO2, H2S and H2
as dissolved gases. The pH ranges from around 6 to 7 but,
where hydrogen sulfide is oxidized by the contact with the
atmospheric oxygen, sulfuric acid forms and drops the pH to
1 (Arnórsson, 1995). The large hydrothermal system associated
with the volcanic rift shows 26 areas with high-temperature steam
and 250 areas of lower temperatures with more than 600 hot
springs along the flanks of the rift. The water temperature ranges
between 62◦C and 180◦C and is largely used for heating purposes
(Ragnarsson, 2000). Strong natural emissions of CO2 are detected
in the geothermal areas with soil fluxes up to about 4∗103 t CO2
km−2 per year (Dereinda, 2008). The origin of CO2 is from
mantle-derived degassing magma that is intruded below the rift
at a rate of about 600 Mt a−1; the magma is able to generate a
maximum CO2 emission of 1.3 Mt a−1 (Ármannsson et al., 2005).
With this large onshore emission of fluids, it is not surprising
that hydrothermal vents have also been identified offshore
(Figure 1). The Reykjanes peninsula on the northwestern coast
of Iceland harbors a series of freshwater, slightly alkaline, hot
springs located on the seashore, from the tidal zone to about
100 m off the coast, with several springs emerging at low tide.
The tides are as high as 4 m in this area, and therefore the
organisms living in those hot springs can be subject to almost
100◦C fluctuations twice per day (Hobel et al., 2005). A number
of thermophilic, aerobic, heterotrophic bacteria of the genus
Thermus were isolated (Kristjansson et al., 1986; Alfredsson et al.,
1988). In 2005, the microbial ecology was studied by using
diversity analysis of 16S rRNA, revealing the presence of clones
related to both marine and terrestrial, thermophilic, mesophilic,
and psychrophilic microorganisms scattered among 11 bacterial
divisions, but no archaea (Hobel et al., 2005).

In the Eyjafjordur region offshore the northern coast of
the island, submarine hydrothermal activity is present along
NNE and NW trending faults on the basaltic seafloor. The
NNE lineament follows the Kolbeinsey Ridge and a group
of hydrothermal vents is found just south of Kolbeinsey
Island at about 100 m of water depth. Fluids enriched in
Ca, Cu and Mn are emitted from fractures and crater-
like structures at temperature around 130◦C thus allowing
for phase separation due to boiling. In the gas phase, CO2
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of magmatic and biogenic origin contributes are detected.
The isotopic 3He/4He ratio is consistent with mantle plume
origin of the gas. The vents are covered by highly altered
basalts with formation of saponite, chlorite and chlorite-
smectite clays and precipitation of calcite and Fe-hydroxides
(Lackschewitz et al., 2006).

From hot marine sediments at 106 m depths at the Kolbeinsey
Ridge, the hyperthermophilic hydrogen-oxidizing bacteria
Aquifex pyrophilus has been isolated (Huber et al., 1992).
Phylogenetic analyses show the Aq. pyrophilus lineage to
be probably the deepest (earliest) in the bacterial tree,
supporting the thermophilic ancestry of bacteria (Burggraf
et al., 1992). Nanoarchaeum equitans, a hyperthermophilic
virus-shaped Archaea, which represents a novel kingdom
of Archaea, was isolated from Kolbeinsey Ridge as well
(Stetter, 2006). With a cell diameter of only 400 nm, it is
the smallest living organism known, which lives attached
to the surface of a crenarchaeal host. Ignicoccus islandicus
and I. pacificus are two more novel hyperthermophilic
species of chemolithoautotrophic, sulfidogenic life-style
that have been isolated from Kolbeinsey (Huber et al., 2000).
Investigations by Fricke et al. (1989) revealed no vent-specific
fauna at this hydrothermal site of medium depth, with
recruitment apparently occurring from the surrounding
non-vent environment.

Other hydrothermal vents are located inside the Grimsey
Graben aligned along a NW trending fault system. It is an area
of active submarine volcanism with the most recent eruption
in 1867-1868; hyaloclastite deposits and glacial sediments are
accumulated within the graben. More than 20 vents are
distributed over a surface of 1 km2 on a structural high on
the eastern side of the graben at about 400 m of water depth.
The central part is the more active one, hosting 13 vents
from anhydrite-talc enriched deposit mounds of about 10 m
in diameter and rising 3 to 5 meters from the surrounding
seafloor; 1 to 3 meter-tall anhydrite and talc chimneys are
also emitting fluids. The sediments surrounding the vents are
enriched in iron and sulfur. The emitted fluids have temperatures
around 250◦C which is above the boiling temperature for the
depth, therefore inducing phase separation; the liquid phase
has low salinity and is enriched in Mg and SO4 with pH
from 5.9 to 6.8. A strong circulation of heated fluids is present
in the sediments with temperatures of 50 to 80◦C at the
surface and up to 150◦C 10 cm below. The gas phase is
composed of up to 41% of CO2 of magmatic origin and up
to 24% of CH4 derived from the thermal decomposition of
the organic matter accumulated within the graben. Bubbles
have been detected by echosounder almost up to the ocean
surface (Hannington et al., 2001).Within the Eyjafjordur fjord,
three conical chimneys of 25, 33, and 45 m of length have
been discovered rising from the 100 m deep seafloor; their
composition is mainly of amorphous silica with Mg-enriched
clay minerals and minor carbonates. The 45 m chimney emits
the majority of the fluids at temperatures ranging from 60 to
72◦C and with fluxes around 50 liters per second. The fluids have
low salinity with TDS 291 mg l−1 and pH 10. The main ion
concentrations in the fluids are indicated in Table 1a. The source

of the fluids is likely an onshore freshwater reservoir circulating
within the heated bedrock. This hypothesis is supported by
the fact that all 12 aerobic strains isolated from concentrated
fluid grew at pH 10.0, but only one grew above 2.0% NaCl
(Marteinsson et al., 2001).

Ambitle Island and Matupi Harbour
(Papua New Guinea)
Ambitle Island is part of Tabar-Feni Islands chain along the
western shore of Papua New Guinea. These islands are the
outcrop of a series of volcanoes that have been active since the
Pliocene, emitting high k-alkaline lavas undersaturated in silica
and originated from the melting of the subducing Pacific plate
below the North Bismarck plate, due to adiabatic decompression
following the current uplifting of the New Ireland forearc
basin (McInnes and Cameron, 1994). Ambitle Island itself is a
stratovolcano overlying marine limestone deposits of Oligocene
age (Wallace et al., 1983). Geothermal activity is present in the
western sector of the island originating hot mud pools, acid
sulfate-chloride waters and low-T fumaroles (67 < T < 100◦C).
Along the western shore in Tutum Bay, a series of shallow-water
(5–10 m) submarine vents are aligned NW-SE following fault
lineaments (Figure 1). The seafloor is covered by medium-coarse
sand and gravel composed of carbonates and volcanoclastic
deposits; patches of corals and algal reefs characterize the
area. Closer to the vents, the mineralogical composition of
the sediments is mostly feldspar, hornblende, pyroxene and
magnetite originated from the weathering of the andesite-dacite
basalt of the bedrock by the acidic fluids; carbonate deposits
increase only far (> 260 m) from the emissions, where the impact
of the acidic fluids is reduced (Pichler and Veizer, 1999; Price
and Pichler, 2005). The submarine emissions are divided into
two different types: punctual vents emitting hot (89–98◦C) clear
mineralized, acidic (pH 6.1–6.3) and reducing (Redox−0.17 mV)
fluids with a flow rate of 300–600 l min−1 from orifices of 10–
15 cm in diameter and dispersed gas bubbling through the loose
sedimentary cover (Table 1a). Shifting in position of the vents
was observed and it is likely due to a channeling effect within
the sediments (Pichler and Veizer, 1999, 2004). The fluids are
enriched with CO2 and are close to the boiling point when
emitted from the seafloor; a drop in temperature and the mixing
with seawater causes a release of CO2, which triggers carbonate
precipitation mostly in the form of aragonite crusts over boulders,
pebbles and dead corals, filling part of the pore-space within the
sedimentary cover (Pichler and Veizer, 2004). Fe-oxyhydroxides
are also emitted from the vents in the form of amorphous
colloidal fine grains precipitating as thin coating layers above the
seafloor and as more massive deposits in the proximity of the
vents. The estimated rate of precipitation is up to 1 cm a−1. Below
the Fe-oxyhydroxides deposits, sulfide minerals are precipitated
at depth inside the sedimentary cover and the fractured bedrock,
following the mixing of the geothermal fluids with seawater
(Pichler and Veizer, 1999). 87Sr/86Sr isotopic fraction gives
a mixing fraction of seawater around 11% and calculated
temperature of equilibrium for isotopic carbon is 78◦C, close to
the measured values (89–98◦C) (Pichler and Veizer, 2004).
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TABLE 1a | Main physical parameters and chemical composition of the emitted fluids (in ppm, Ba in ppb) and gases (in%) from Ischia, Volcano, Panarea, Tor Caldara,
Milos, Eyjafjordur, Ambitle. Matupi, and Taiwan.

Ischia Vulcano Panarea Tor Caldara Milos-
Palaeochori

Eyjafjordur
fjord

Ambitle Island Matupi
Harbour

Taiwan-yellow Taiwan-white

T◦C 46 − 135 49−71 89–98 50–96 30–65 78–116

pH 2.6 − 6.0 4.8−5.1 6.1–6.3 3.1–7.2 1.5–6.3 1.8–7.0

dissolved ions

Na 10.5 − 11.3 13206 9258.6 −
10061.8

76.9 650–665 8.7 – 10.8 9.0 – 10.8

Cl 19 − 20 31363 17768.5−
19042.6

42.7 295–357

K 0.43 − 0.5 2039 610.6− 1020.2 76–94 0.3 – 0.4 0.3 – 0.38

Mg 1.2 − 1.4 1748 843.8− 971.1 0.00 1.0 – 1.3 1.1 – 1.3

Ca 0.4 − 0.5 5141 346.2− 564 180–201 0.3 – 0.4 0.3 – 0.4

NH3 1.2E−5 – 0.01 1.2E−5 – 0.003

SiO2/Si ≤ 0.04 111.8− 122.7 91.0 105–108 2.9E−4 – 0.06 8.7E−4 – 0.04

B 7.3− 11.5

Mn 52.2 0.9− 2.0 777–36005

Fe 56.3 0.03 1–1.7 219 − 1501

Zn

Cu 232.80*

Ni

Cd

Li 3.8− 9.5

Rb 1.8− 4.9

Cs 0.08− 0.2

As 0.06−0.81 950

Sr 6.8−10.2

Sn

Br 54.2−62

Ba 0.1−0.2

Ti

U

HCO3 561 793–854

D. O. 9.3E−6 –
4.4E−5

9.3E−6 –
2.6E−3

SO4 2.7 − 3.2 2910 1537.6−2085.4 19.5 880–930 2.5 – 4.8

gas phase

H2S 1.5 2.0 23.1 35.5−106.7 3.6E−5 9.9E−7 0–8.3

CO2 90 − 95 94.0 76.7 88 − 99 4.0E−3 –
4.2E−3

62.3–93.6

O2 0.1 2.2E−5 –
1.3E−4

1.4–2.9

N2 3 − 6 0.4 6.0E5 – 1.2E−4 4.9–28.8

CH4 0.01 0.2 1.0 9.3E−6 –
3.1E−5

1E−4–7E−4

H2 0.1 3.0

References 1 2 3 4 5 6 7 8 9 10

D.O., dissolved oxygen; Cu*, total dissolved in ppb Kleint et al. (2015), 1, Hall-Spencer et al. (2008); 2, Aiuppa et al. (2021); Sedwick and Stuben (1996); 3, Caramanna
et al. (2011); Tassi et al. (2009); 4, Patwardhan et al. (2018); Patwardhan et al. (2021); 5, Price et al. (2013a,b); 6, Marteinsson et al. (2001); 7, Pichler et al. (1999); Pichler
and Veizer (2004); 8, Tarasov et al. (1999); 9, Chen et al. (2005); 10, Chen et al. (2005).

Arsenic is an important component of the emitted fluids
with fluxes estimated up to 1,500 g day−1 for a 5,000 m2

area (Pichler et al., 1999). The observed arsenite (AsIII)
concentration in the fluids is up to 950 µg l−1 compared with
the 2.4 µg l−1 for seawater background (Price and Pichler, 2005;

Akerman et al., 2011). AsIII is a mobile form of As and is very
toxic for eukaryotes; concentrations of 3 µg l−1 are damaging
for higher marine life forms and above 100 µg l−1 are harmful
for humans (Price and Pichler, 2005). Despite the high values
measured in Tutum Bay, AsIII is largely precipitated and trapped

Frontiers in Marine Science | www.frontiersin.org 10 October 2021 | Volume 8 | Article 727199

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-727199 October 19, 2021 Time: 18:36 # 11

Caramanna et al. Global Overview Shallow-Water Vents

within the Fe-oxyhydroxides deposits with concentration up
to 33,200 mg l−1 (Price and Pichler, 2005) and therefore the
ecological effects are negligible (Pichler et al., 1999). Part of
the AsIII is also conveyed toward the top layers of the water
column by the buoyancy of the emitted fluids and there it is
oxidized to the less reactive AsV (Price and Pichler, 2005). Bio-
accumulation of As is recorded in organisms in Tutum Bay
such as the soft coral Clavularia sp., calcareous algae Halimeda
sp. and the tunicate Polycarpa sp. with measured concentration
2 to 20 times higher than the background values (Price et al.,
2016). The source of AsIII is likely dissolution by the acidic
fluids of arsenopyrite minerals within the bedrock (Pichler
et al., 1999). The unique location at Tutum Bay makes it
furthermore an ideal target for investigating the effect of ocean
acidification on coral reefs (Pichler et al., 2019). The origin of
the emissions is a mix between fluids from a deep geothermal
reservoir with temperature of 257–291◦C as inferred from the
CH4/CO2 geothermometer leading to a depth of separation of
about 1,000 m, forming CO2-rich water with low pH, which
migrates toward the shallow-water table fed from the meteoric
water. The resulting flow moves laterally, under gravitational
control, where it mixes with marginal upwelling from the deeper
reservoir producing diluted chloride water at 165◦C and further
mixing with shallow groundwater and seawater during the last
phase of the ascent (Figure 4). It was estimated that about 10%
of the deep fluids reach the surface (Pichler et al., 1999). Due
to the high concentrations of arsenic, the vents off Ambitle
Island have been used to investigate its effects on microbial
diversity and to identify microorganisms able to cope with or
even utilize arsenic (Pichler et al., 2006; Akerman et al., 2011;
Meyer-Dombard et al., 2011, 2013).

Another area where shallow-water geothermal fluids are
emitted from the seafloor is Matupi Harbour on the NE of Rabaul
caldera in the northern part of New Britain Island to the east
of Papua New Guinea. The caldera was formed 1,400 year ago
following a large explosion that displaced around 11 km3 of rock;
several extinct and active volcanoes are aligned along the rim of
the caldera. Matupi Harbour is a bay with maximum depth of
65 m with hot volcanic fluids seeping from the seafloor at 3 to
10 m of depth, forming small tubes of Fe-oxyhydroxide cement.
Other emissions, both gas and liquid, are located along a steep
slope (40–45◦ dip) from 1 to 10 m of depth creating crater-like
structures, surrounded by bacterial mats. Table 1a shows the
main chemical and physical parameters (Tarasov et al., 1999).

Kueishantao (Taiwan)
The island of Taiwan is close to the southern end of the Okinawa
Trough, which is the back-arc basin of the Ryukyu subduction
zone and part of the larger subduction of the Philippine Sea
plate below the Eurasian plate, extending from southern Japan
to Taiwan along about 1,000 km of a seismically and volcanically
active area (Chen et al., 2005). The Tatun volcanic area is on the
northern corner of Taiwan and was active until 200,000 years ago;
nowadays intense geothermal activity is present with more than
200 springs emitting hot (120–293◦C) acidic, sulfate-chloride
water. About 1 km offshore this area, the islet of Kueishantao is
surrounded by a submarine geothermal field with more than 30
vents emitting fluids from a rocky andesitic seafloor in shallow
(10 to 30 m) water (Figure 1). The emissions are in both the
gas and liquid phase and are divided into “yellow” and “white”
(Table 1a). The yellow vents emit hotter fluids from chimneys
and mounds of sulfur, in respect to the colder white vents, with

FIGURE 4 | Simplified flow of the fluids in the vents in Tutum Bay (data from Pichler et al., 1999).
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an estimated annual total flux of 430-2600 kg Fe, 24-145 kg
Mn, 5-32 kg Ba, 10-60 kg As, 03-1.9 kg Cd, and 2-10 kg Pb
(Chen et al., 2018). The gas is CO2-dominant (up to 92%) with
up to 8% of H2S (Chen et al., 2005; Yang et al., 2012). Sulfur
and He isotopic composition is consistent with mantle origin of
the deep end-member mixing with heated seawater and possible
steam formation in the deepest plumbing (Chen et al., 2005;
Yang et al., 2012).

Native sulfur deposits are found in the form of chimneys,
sand and some nodules called “sulfur balls.” These balls are
found nearby the vents, and samples up to 300 g in weight
have been retrieved, showing growing rings consistent with the
hypothesis that the nodules are formed from sulfur deposits by
the rolling action of waves and currents. S is the main component,
but other trace elements are: Li, Cr, Co, Ni, Rb, Sr, Cs, Fe,
Zn, Cd, Pb, Mg, K, and Ca. Enrichment in Fe, Zn, Cd and Pb
and depletion in Mg, K and Ca are observed in respect to the
geothermal fluids composition. The source of these elements is
deep magma with contribution from the weathering of andesite;
seawater is providing Mn, Mg and K (Zeng et al., 2011). An
increased concentration in boron is observed in the fluids (4.10–
4.64 mg l−1) in respect to the seawater baseline (3.81 mg l−1).
Isotopic measurements of δ11B in the emitted fluids indicated
a relatively short-timed interaction between fluids and bedrock
and the seawater as the main source for boron (Zeng et al.,
2013). DOC values in the fluids are within the range of seawater
suggesting that these vents are neither a source nor a sink for
organic carbon. The fate of the vented CO2 was followed by Lin
et al. (2019), generating a bubble-plume model, which provided
tens of minutes as a conservative flushing time estimate. The
depletion of total suspended matter, lower C/N ratios, and higher
carbon isotopic values of particulate organic carbon (δ13CPOC)
in the vertical plumes relative to values derived from Si-based
models were attributed to the hydraulic sorting of the vented
particles (Lin et al., 2020).

A study by Zhang et al. (2012) using ribosomal tag
pyrosequencing showed that sulfur metabolism fuels microbial
energy flow and element cycling in the water column over
yellow and white vents off Kueishantao. The bacterial and
archaeal communities from the white hydrothermal plume were
dominated by the sulfur-reducing campylobacterium Nautilia
and the archaeon Thermococcus, whereas the yellow plume
was dominated by the sulfide-oxidizing gammaproteobacteria
Thiomicrospira and by Marine Group II. Euryarchaeota.
Functional metagenomic investigations by Tang et al. (2013)
also revealed the dominance of Nauliliales-like Campylobacteria
and Thiomicrospira-like Gammaproteobacteria in the vent and
surface waters. The chemoautotrophic microorganisms in the
vent and the surface water possess the reverse tricarboxylic
acids cycle and the Calvin-Bassham-Benson cycle for carbon
fixation (Li et al., 2018). The hydrothermal sediments around the
vents revealed a dominance of Campylobacteria with decreasing
abundance from the vent area (Wang et al., 2015, 2017), but in
contrast to the fluids Sulfurovum and Sulfurimonas were the
most dominant groups, using the reductive tricarboxylic acid
(rTCA) cycle for chemoautrophic carbon fixation (Wang et al.,
2017). A recent study using a combination of metagenomic and

cultivation-based approached also found evidence for abundant
heterotrophs, indicated by the presence of diverse genes that
encode transporters, glycoside hydrolases, and peptidase
involved in the degradation of organic matter and the isolation
of a total of 408 heterotrophic strains (Tang et al., 2018).

The trophic structure within the vent system was investigated
by using stable isotope analyses (Chang et al., 2018), which
revealed a hydrothermal origin of the particulate organic matter
(POM), which comprises up to 53% of the diet from zooplankton
and epibenthic crustaceans.

Areas characterized by peculiar environmental conditions,
such as those originated by the presence of mineralized acidic
hydrothermal emissions, can develop endemic life forms. The
crab Xenograpsus testudinatus has been found living nearby the
vents and feeding on “oceanic snow” composed of zooplankton
organisms killed by the toxic fluids that fall through the water
column during slack water. Following its feeding habits, the
crab is able to store a large accumulation of lipids (50–60% of
dry mass) as survival strategy for low-food availability periods.
Enzymes identified in the crab are stable at high temperature,
variable pH and presence of elements known as inorganic
inhibitors such as Cu2+, Fe2+, and Co2+ (Hu et al., 2012).
A study by Zeng et al. (2018) showed the accumulation of
Mn, Hg, and K within the shells of this crab. Bacteria residing
in X. testudinatus were investigated using 16S ribosomal RNA
gene amplicon pyrosequencing and revealed a dominance of γ-
and ε-Proteobacteria (Yang et al., 2016). The low pH and high
temperatures in the overlying waters may furthermore influence
the zooplankton, by weakening the exoskeleton of copepods,
which were found to harbor numerous abnormal protrusions
(Mantha et al., 2013). Macrobiota species richness increased with
horizontal distance from the vent, exerting a negative impact
over several kilometers (Chan et al., 2016). The deeper vents
off Kueishantao (200-300 m water depth) harbor Bathymodiolus
taiwanensis (Wang et al., 2014), the smallest and shallowest-
dwelling Bathymodiolinae (Cosel, 2008).

Kagoshima Bay (Japan)
Kagoshima Bay in southern Japan is a graben structure and hosts
submarine hydrothermal vents emitting hot water and gas from
the seafloor at about 200 m of water depth. The main feature
of Kagoshima Bay is the active andesitic volcano Sakurajima
that originated about 13,000 years ago and has been emitting
clouds of ashes since 1955. During its eruption in 1914, lava
flows created a bridge between the volcano and the eastern
mainland and caused the deposition of a layer of pumice within
the sedimentary cover of the seafloor. Sakurajima divides the bay
in a northern and southern section separated by a shallow (30 m)
and relatively narrow (3 km) channel between the west flank of
the volcano and the western mainland. In the northern area in
the Aira caldera (25 km in diameter), the sub-caldera Wakamiko
hosts the main vents (Figure 1). This area is characterized by a
flat muddy seafloor with depth around 200 m, which is mostly
composed of silty clay and silty sand, unconsolidated sediments
of approximately 80 m thickness. Low-gravity anomalies indicate
that the bottom is filled with low-density sediments, which are
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likely pyroclastic deposits (Oki and Hayasaka, 1978; Yokoyama
and Ohkawa, 1986; Ishibashi et al., 2008).

Hydrothermal fluids are emitted through the sedimentary
cover generating small streams of bubbles. In 2007, during
a survey by an autonomous underwater vehicle (AUV), a
chimney rising about 3 m from the seafloor, composed of
mineral deposits of native sulfur and sulfides, was discovered.
The fluids are emitted from small orifices that are 15 cm
in diameter; filamentous bacteria live around the emissions
(Nakatani et al., 2008).

The gas-phase of the fluids is composed mostly of CO2 with
elevated 3He/4He ratio indicating magmatic origin; Table 1b
resumes the main physical and chemical parameters of the
emissions. The measured temperature of the hydrothermal fluid
is 215◦C which is slightly above the 211◦C boiling temperature of
the water for that depth, thus some phase-separation with steam
generation is also possible. The Na/Cl ratio is consistent with a
component of the liquid originated from heated seawater, and
the δD-δ18O isotopic values indicate also meteoric and magmatic
water contributes (Ishibashi et al., 2008).

Fluids collected within the pore-space of the sediments
nearby the vents show the presence of hydrocarbons enriched
in aromatic compounds of pyrolytic origin with different
maturation stages from kerogen. The origin of this petroleum is
supposed to be linked to the interaction of the hot geothermal
fluids (around 300◦C) with thick accumulation of organic matter
on the seafloor of the caldera; the presence of high concentration
of B, which is supposed to be mobilized from organic-rich
sediments at T > 100◦C, also supports this hypothesis (Yamanaka
et al., 1999; Ishibashi et al., 2008). A similar thermogenic origin is
proposed for the emitted methane considering the CH4/3He ratio
(Craig and Horibe, 1994).

Deposits of Kuroko-type sulfides and sulfates are present in
the sediments; they originate in mineral precipitation once the
hydrothermal fluids mix with the surrounding seawater. The
presence of barite, stibnite, realgar and pyrite with up to 2%
of As and the absence of Fe-oxyhydroxides suggests a reducing
environment within the sediments. The association of petroleum
and Kuroko-type deposits is observed in other areas of Japan
such as in the Green Tuff region (Yamanaka et al., 1999; Ishibashi
et al., 2008). High levels of Hg in the sediments close to the vents
have been measured with concentrations up to 257 mg kg−1;
more than 80% is present as HgS indicating a reaction between
Hg and hydrogen sulfide under anoxic conditions within the
sediments. High organic mercury concentration up to 0.9 mg
kg−1 suggests that organic-Hg can be formed from submarine
fumaroles when the total Hg availability is high. An ecological
implication is that in the long-term, a progressive accumulation
within the sediments of Kagoshima Bay may cause toxicity effects
on the biota (Sakamoto et al., 1995). The impact of the volcanic
vents on the marine environment of the bay is also augmented
by the fact that the bottom layers of the water column, mostly
in summer when the thermal stratification is more evident, are
almost stagnant due to the presence of the shallow and narrow
channel between Sakurajima and the mainland; this reduces the
circulation between the water inside the caldera and the open
sea. As a consequence, the bottom layers are hypoxic (dissolved

oxygen below 0.5 ppm) and acidic (pH 6.5) due to the presence
of low-pH emissions; this affects the development of calcareous
life forms such as some species of foraminifera, which are almost
absent from the sediments close to the vents (Oki and Hayasaka,
1978; Yamanaka et al., 1999). The primary chemical form of
arsenic in the deep water layer is As(III) and during summer
time, due to biological activity, the As(V) in the surface waters
gets reduced to As(III) as well (Tomiyasu et al., 2021).

Early studies of the microbial communities by Hoaki
et al. (1995) using a most-probable-number approach found
a strong dominance of hyperthermophilic sulfur-dependent
heterotrophs, followed by sulfur-dependent autotrophs. The
heterotrophs most likely require the abundantly present
amino acids for their growth. The endosymbiontic bacteria
in the vestimentiferan tubeworm Lamellibrachia satsuma
was characterized as belonging to the Deltaproteobacteria
(Yamamoto et al., 2002). Tanaka et al. (2006) isolated a strictly
aerobic and thermophilic bacterium (Thermaerobacter litoralis)
from a coastal hydrothermal field on the Satsuma Peninsula,
Kagoshima Prefecture. Efforts by Takeuchi et al. (2014) led to
the isolation of Methyloceanibacter caenitepidi, a facultatively
methylotrophic bacterium and Methylocaldum marinum, a
thermotolerant methane-oxidizing bacterium, respectively.
Nakagawa et al. (2004) isolated Hydrogenivirga caldilitoris, which
is extremely thermophilic and which can oxidize hydrogen
and sulfur. From the phylum Chloroflexi, the ferric iron- and
nitrate-reducing bacterium Ardenticatena maritima has been
isolated by Kawaichi et al. (2013a).

The bacterial and archaeal diversity was determined within
the iron-rich coastal hydrothermal field of Yamagana beach
(Kawaichi et al., 2013b). The results of clone analyses
based on 16S rRNA genes revealed chemolithoautotrophic
thermophiles, primarily within the bacterial order Aquificales
and chemoheterotrophic thermophiles from the order Thermales
and the family Desulfococcaceae. A microbial community
analyses by Nishiyama et al. (2013) using clone libraries revealed
Proteobacteria, Bacteroidetes, and Firmicutes, sharing only
92% sequence similarity with their closest sequences in public
databases, suggesting a unique and novel bacterial community.
The archaeal library contained only three OTUs, most of which
were affiliated with Thaumarchaeota.

Kurile Islands (Japan)
The Kurile archipelago is composed of a series of volcanic islands
stretching on a 600 km long arc in the Western Pacific from
Hokkaido Island to the south to the Kamchatka peninsula to
the north. Nineteen of these islands host 44 volcanoes and
hydrothermal fields; moreover, about 100 submarine volcanoes
and 5 submerged calderas are present along the arc. The origin
of such intense seismic and volcanic activity is linked to the
subduction of the Pacific Plate and the Philippine Plate below
the Okhotsk Plate and the Eurasian Plate, respectively. The
islands are distributed in an arc-trench system along two parallel
arcs; the frontal arc hosts 55% of the onshore volcanoes while
the submarine volcanoes are mostly in the rear arc. A tectonic
system of faults and fractures controls part of the volcanism with
emission of andesitic lava in the Quaternary-Neogene. In the
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central part of the Kurile Islands arc, the islands of Riponkicha
and Yankicha, are the outcrops of the Ushishir Volcano; the last
eruption took place in 1884 (Glasby et al., 2006).

Kraternaya Bay on Yankicha Island is the flooded crater of
the Ushishir Volcano formed in the Late Pliocene–Holocene,
forming a relatively shallow caldera similar in its shape to
Kagoshima Bay in Japan. It is characterized by a narrow and
shallow inlet (0.2–0.4 m at low tide), two small islets that divide
the bay in a western deeper part (63 m depth), and a shallower
eastern section with maximum depth of 49 m (Figure 1). Steep
slopes (40 to 60◦ dip) mark the rim of the bay with only the slope
opposite to the inlet being more gradual with only 20 to 30◦ of
incline. The bottom in the deepest parts is covered by clay silt;
silty sand is present below 30 m, and boulders and gravel cover
the slopes. The thickness of the sedimentary cover is 80–120 m
(Kamenev et al., 2004; Glasby et al., 2006).

Submarine geothermal vents, from intertidal to 30 m of depth,
are aligned along fractures in the bedrock creating a ring that
follows the perimeter of the bay (Tarasov and Zhirmunskaya,
1989; Zhirmunsky and Tarasov, 1990). An estimated 22,000 m3

day−1 of geothermal water flows in the bay from the submarine
vents and from an onshore boiling pond (Kamenev et al.,
2004; Glasby et al., 2006). This input of water also affects
the bay due to its limited circulation and exchange with the
open ocean creating a stratification of the water column with
surface temperatures inside the bay of 9 to 12◦C compared
with the 2.5 to 3.5◦C of the ocean outside (Zhirmunsky and
Tarasov, 1990). The emitted acidic hot water (10 to 60◦C) is
Cl-Na-Ca type enriched in sulfur compounds and heavy metals.
The gas-phase is CO2 dominated with N2 as the other main
component (Table 1b).

Accumulation of Zn was observed in the soft tissues of
the bivalve mollusks Macoma calcarea and Macoma golikovi
which inhabit all the zones of underwater volcanic activity, with
settlements of lesser density within vents containing hydrogen
sulfide (Kamenev et al., 2004). Mats of bacteria including sulfur-
oxidizing bacteria and thermophilic archaea develop around
the vents below elemental sulfur deposits leading to high
rates of CO2 fixation and primary production (Zhirmunsky
and Tarasov, 1990). Sediments on the seafloor are covered
by Fe-P crusts with up to 5% P. In the sediments, Fe is
the main element with concentration up to 11%. Fe and P
originate from the hydrothermal fluids. The presence of the
hydrothermal vents and the associated chemical environment
allowed for the development of new species of macrofauna
including holothurians, bivalves and polychetes. The first 10
to 13 m of the water column is affected by high abundances
of the ciliate Mesodinium rubrum, which generates large “red
tides” within the bay (Tarasov and Zhirmunskaya, 1989; Kamenev
et al., 2004; Glasby et al., 2006). The physiological state of
microbial communities within the hydrothermal sediments of
the Bay were investigated using lipid biomarkers. The ratio of
trans/cis in the ω7 isomers of monoenoic fatty acids significantly
exceeded 0.1, which is indicative of physiological stress in
bacteria (Kharlamenko et al., 2009). A study by Nikiforov
(2001) on the allozyme variability of different polymorphic
loci in the sea urchin Strongylocentrotus droebachiensis from

hydrothermally influenced Kraternaya Bay and an unaffected
site, revealed statistically significant differences in the genotypic
allele frequencies and in level of heterozygosity. They argue for
a selective significance of this allozyme polymorphism under
environmental stress conditions. Miroshnichenko et al. (1989)
isolated Thermococcus stetteri from the vents of Kraternaya. Th.
stetteri is an extremely thermophilic marine sulfur-metabolizing
archaeon, which grows at temperatures up to 98◦C. Submarine
hydrothermal deposits are also present off the west shore
of the island of Iturup close to Hokkaido. The deposits
are in the form of Fe-Mn nodules and crusts and Mn-
oxyhydroxides cement on the seafloor at about 40 m depth
(Glasby et al., 2006).

White Island (New Zealand)
The Taupo Volcanic Zone (TVZ) is a very active ryolitic-dacitic
back-arc volcanic and geothermal area in New Zealand in the
central part of the North Island. The TVZ is associated with
the subduction of the Pacific Plate below the Australian Plate
originating a graben structure 150 km long and 40 km wide
along a NE-SW direction. High heat-flow (4,200 ± 500 MW),
twenty geothermal sites and eight calderas, formed during the last
2 Ma, characterize the area with CO2 emissions from magmatic
sources and metamorphic degassing aligned along local and
regional faults (Pantin and Wright, 1994; Kerrick et al., 1995;
Horwell et al., 2005; Werner and Cardellini, 2006). The sources
of the heat-flow and of the deep-seated fluids rising in the
geothermal areas are a shallow magmatic reservoir at about 500
m of depth and two other deeper chambers at 1–2 km and 2–
7 km respectively (Peltier et al., 2009). Submarine vents have
been identified in the Bay of Plenty mostly between the two
volcanic islands of Mothuora Island (Whale Island) and White
Island within the Whakatane Graben in water depth ranging
from 30 to 350 m (Figure 1). The graben is filled with up to
2.5 km thick pyroclastic deposits originated by the eruption
which formed a caldera, now largely submerged, about 65 Ka
ago; volcanism was active up to 18 Ka ago. Bubbles can be
seen at the sea surface; pockmarks, cones and mounds have
been observed on the seafloor in a 144 km2 area. The cones
and the mounds are composed mostly of crystalline anhydrite
and bubbles are emitted from small orifices a few centimeters
in diameter. Clay deposits surrounding the cones are enriched
in As (530 ppm), Sb (150 ppm), Hg (90 ppm), Tl (500 ppm),
U (138 ppm) and Mo (1000 ppm); amorphous material is also
precipitated enriched up to 1% in Cu, Pb and Zn, several
hundreds of ppm of Ag and about 10 ppm Au. The mineral
assemblage is consistent with fluid temperatures of around 200◦C
at the moment of their emission from the seafloor. This value
for the fluid’s temperature is also in good agreement with the
proposed maximum temperature of 320–340◦C of the deep
aquifer composed of dilute Na-Cl solution fed by meteoric water
with a contribution of seawater heated by the shallow magmatic
body (Pantin and Wright, 1994; Seward and Kerrick, 1996;
Hocking et al., 2010).

One of the most active submarine venting areas is the so-
called “Calypso Field”, which was explored by a team from
Cousteau’s research vessel Calypso in the 1980s. About twenty
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TABLE 1b | Main physical parameters and chemical composition of the emitted fluids (in ppm, Ba in ppb) and gases (in%) from Kagoshima, Kraternaya, Calypso, Bahia
Conception, Punta Mita and Punta Banda, as well as Dominica.

Kagoshima Kraternaya Calypso Field Bahia
Conception-
submarine

Bahia
Conception-

intertidal

Bahia
Conception-

onshore

Punta Mita Punta Banda-
submarine

Punta Banda
-wells

Dominica

T◦C 215 10–60 181–201 54–87 62 33–52.4 85 102 47–74 41 - 71

pH 5.2 4–7 6 6.7 5.8–7.5 4.0–6.0 6 6.3–7.3 6.0- 6.2

dissolved ions

Na 4.9 8.8 – 9.3 7.5 1.9 – 13.6 4.3 – 5.9 5049.2 3410.2 –
5589.1

Cl 9.7 15.8 – 17.2 14.1 2.8 – 27.1 10.7 – 14.6 10486.8 4731.7 –
10486.8

K 0.2 0.5 0.5 0.04 – 1.6 0.1 – 0.3

Mg 0.8– 1.0 0.6 0.002 – 0.4 0.2 – 0.6 77.7 245.7

Ca 0.2 0.8 – 0.9 1.1 0.3 – 2.3 1.2 – 1.744 1553.6 1385.6

NH3

SiO2/Si 0.1 0.1 0.1 0.02 – 0.05 0.03 – 0.05 151.7 55.3 – 102

B 10.8

Mn 3.0- 6.0

Fe 0.3–0.35

Zn 0.023–0.025

Cu 0.025 762.2*

Ni 0.013.

Cd 0.0022

Li

Rb

Cs

As

Sr

Sn

Br

Ba

Ti

U

HCO3 0.3 0.1 0.04 – 0.6 0.01 – 0.07 336.9 180.6 – 235

D. O.

SO4 1.6 – 2.0 1.2 0.02 – 1.2 0.5 – 1.5 340.8 458.3 – 1291.4

gas phase

H2S 215 0.034 0.8–1.0 1.6 – 3.9

CO2 5.2 44–66 72–84 18.3 – 18.8 0.09–0.2 74 -93

O2 0.04 – 0.08 0.02–0.2 0.07

N2 4.9 27–42 14.3 – 14.7 87–88 4-21

CH4 9.7 0.01–0.03 6–10 0.3 – 0.4 11.5–12.2 0.2

H2 0.05–0.2

References 1 2 3 4 5 6 7 8 9 10

1, Ishibashi et al. (2008); Oki and Hayasaka (1978); 2, Glasby et al. (2006); Kamenev et al. (2004); Zhirmunsky and Tarasov (1990); 3, Botz et al. (2002); 4,5,6, Barragán
et al. (2001); Canet et al. (2005a,b); Prol-Ledesma et al. (2004); Forrest et al. (2005); 7, Canet et al. (2003); Prol-Ledesma et al. (2002); 8,9, Arango-Galván et al. (2011);
Prol-Ledesma (2003); 10, Johnson and Cronan (2001); McCarthy et al. (2005); Cu*, total dissolved in ppb von Kleint et al. (2015).

vents discharge fluids from the seafloor at a water depth between
170 and 200 m. The emissions are aligned NE-SW and clustered
in two areas, 10 and 15 km south of White Island; each area
covers 1–1.5 km2. The gas-phase is CO2 prevalent with CH4 and
H2S; polynuclear aromatic hydrocarbons (PAH) of thermogenic
origin are emitted from the interaction between the hot fluids and
organic material sourced as terrestrial detritus, and near-coastal
vegetation remains (Table 1b). δ13C isotopic composition of the

CO2 is between −1.7 h and −4.2 h indicating mantel origin
plus some contribution from magmatic sources and thermal
dissociation of marine carbonates (Botz et al., 2002). Zitoun
et al. (2020) suggested to be careful if using White Islands
as model for ‘future ocean’ scenarios. The seawater carbonate
chemistry gets altered in only small areas around the vents,
showing furthermore substantial variability and Hg reaches
toxic concentrations.
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The vents show discontinuous activity, which is likely due
to three causes: localized reduction of pressure within the
geothermal reservoir, clogging of the smaller hydrothermal
plumbing system by the deposition of minerals, and collapse of
the larger conduits eroded by the aggressive rising fluids (Pantin
and Wright, 1994). Two end-members for the emissions can
be identified: a fast-rising magmatic component and a slower
flux of hydrothermal origin including meteoric and seawater
contributes in analogy with the fumaroles active onshore White
Island (Giggenbach, 1987; Sarano et al., 1989). Close to the
hot emissions, filamentous white bacteria have been observed
(Sarano et al., 1989; Pantin and Wright, 1994; Hocking et al.,
2010). So far, no designated geomicrobiological investigation of
the submarine hydrothermal vents has been performed, only the
hot vents on White island have been investigated (Donachie et al.,
2002). A study by Kamenev et al. (1993) investigated the macro-
and meiofauna and found the pogonophore Siboglinum around
gas-hydrothermal vents at temperatures around 65◦C. The white
mats were described as containing thiobacilli and colorless
filamentous sulfur oxidizing bacteria of the genera Thiodendron
and Thiothrix (Sorokin, 1991). Close to White island, Beggiatoa
mats have been described at moderate temperatures on sediment
composed of coarse sand mixed with gravel (Sorokin, 1991).

Bahía Conception, Punta Mita, Punta
Santa Barbara and Punta Banda (Mexico)
The Baja California Peninsula (BCP) extends NW-SE on the
western side of the Gulf of California between Mexico and the
Pacific Ocean. The tectonic setting of the area is controlled
by NW-SE strike-slip faults linking the North American and
the Pacific plates allowing for the formation of extensional rift
systems and pull-apart basins (Barragán et al., 2001). Geothermal
activity is diffuse along the BCP, originating springs and
groundwater of high and low enthalpy allowing for 76% of the
total geothermal electricity generated in Mexico to be produced
here. The main reservoir is composed of heated meteoric water
circulating through the regional faults, which act as preferential
paths for the endogen fluids (Arango-Galván et al., 2011).

Bahia Conception is a NW-SE 40 km long bay within the
Gulf of California along the eastern shore of BCP. At least
five areas of interest for the development of geothermal power
plants have been identified in the bay area highlighting the
presence of strong hydrothermal circulation (Villanueva-Estrada
et al., 2013). Cretaceous granites are covered with andesite lava
flows and breccias of the tertiary Comondu’ Group produced by
forearc magmatic activity during a pre-rift phase. Late Pliocene
conglomerates and cherts of the Infierno Formation indicate that
hydrothermal circulation was active in shallow-water carbonate
mud. Early Pleistocene basaltic flows and pyroclastic deposits are
the latest volcanic events in the area (Canet et al., 2005b).

The bay is bordered by direct faults originating a semi-graben
structure developed during the late Miocene extension phase of
the Gulf of California. The Conception Fault Zone caused an
uplift of up to 600 m along the eastern border of the bay. El
Requeson fault on the western border is the main tectonic feature
acting as preferential path for the geothermal fluids emitted

from intertidal and submarine vents (Barragán et al., 2001; Prol-
Ledesma et al., 2004; Canet et al., 2005a,b).

Three main areas with submarine vents have been
identified around Punta Santa Barbara, Punta Mita and
Punta Banda (Figure 1). Along the El Requeson fault near
Punta Santa Barbara, hydrothermal fluids are emitted along
fractures on the seabed for over 750 m from the coastline
in shallow-water up to 13 m of depth. The vents emit a
mix of seawater and hydrothermal fluids of meteoric origin.
The recorded temperature is 54◦C at the seafloor and 87◦C
within the sediments around the vents. Na/Li, Na-K-Ca, and
Si geothermometers indicate a reservoir temperature around
200◦C. Amorphous opal-A is the main component of the
mineral deposits originated from the fluids. Crystalline calcite
with up to 50.8% in CaO is also present with Ba enrichment
up to 921 ppm. Fe-oxyhydroxides with up to 5,112 ppm of As
cover the volcanic boulders on the seafloor and are associated
with orange-yellow biofilms. The main source of As is likely
the andesite volcanic bedrock from where it is mobilized by
the action of neutral Na-Cl hot water and it is then transported
in reduced state AsIII. Once the hot fluids mix with the colder
and oxygen enriched seawater, As is oxidized and adsorbed in
the Fe-oxyhydroxides. Pyrite and micro-particles of cinnabar
are also present. A 75 m long fossil reef of silica-carbonate
stromatolites lies along the intertidal vents. The δ13C (+ 9.3h)
of carbonates is consistent with Ca precipitation caused by
CO2 degassing. The intertidal fluids produce precipitates
in the form of manganese oxides, opal, barite and calcite
cements; biological activity is likely involved in the formation
of MnO2 (Canet et al., 2005a,b; Villanueva-Estrada et al.,
2013).

The emitted gas is dominated by N2 and CO2, with CH4
being also present. The temperature of the emitted fluids from
the submarine vents ranges from between about 54 and 87◦C
showing a negative relation with the tidal cycle with lower T
during high tide (Table 1b). δ13C (−34.3h) of CH4 is consistent
with thermogenic origin from algal kerogen. δ13C (−5.85h)
of CO2 indicates a mantle origin but the CO2/3He ratio (1.83
∗ 108) is one order of magnitude lower than the usual values
for mantle-derived gas; therefore, a contribute from the thermal
decomposition of organic sediments is likely. Geothermometers
indicate a temperature for the reservoir of 180–200◦C (Prol-
Ledesma et al., 2004; Forrest et al., 2005). The emissions originate
from meteoric water infiltrating onshore within the deep sub-
surface and heated by a granodiorite magmatic body. The fluids
then circulate within the faults network interacting with the
quaternary sediments before emerging from the seafloor and
mixing with the surrounding seawater.

South of the Gulf of California, along the Pacific shore of
Mexico, Punta Mita is another area of shallow-water geothermal
activity linked to the Mexican Volcanic Belt in a regional
extension area with high heat flow. The basement is of Paleozoic
age and it is composed of metamorphic and calcareous schists.
Cretaceous limestone and sandstone deposits unconformably
overly the basement; granodiorite intrusions intercept both
series. Tertiary discordant volcanic and conglomerate sequences
are followed by quaternary unconsolidated sandstone covers.
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A series of submarine vents are aligned NW-SE along a 100
m long fracture in the basaltic bedrock at 10 m depth about
500 m offshore forming small chimneys and calcareous mounds
composed of 95% CaCO3 and 5% MgCO3 with Ba, Hg, sulfides
and phosphates mineralization. δ34S values in pyrite crystals are
between −4.9h and −13.3h indicating a biogenic origin of
the deposits. δ13C values in calcite (−39 h to + 0.9h) are
consistent with precipitation from a mix of marine bicarbonate
and oxidation of methane by microbial activity (Núñez Cornú
et al., 2000; Canet et al., 2003; Alfonso et al., 2005). The emitted
gas is N2 prevalent with methane and oxygen; δD and δ18O
suggest that the hydrothermal fluids are a mix of seawater and
meteoric water (Table 1b) with an infiltration altitude of about
500 m (Prol-Ledesma et al., 2002; Taran et al., 2002; Canet et al.,
2003).

A study by Dávila-Ramos et al. (2015) comparably investigated
the bacterial communities from Bahía Conception (BC) and
Punta Mita (PM), which mainly differ in terms of redox potential
(0.5 V in BC and −0.3 V in PM) and pH (6.2 in BC and
4.5 in PM). The community from BC was dominated by
gamma- and deltaproteobacteria, Campylobacteria, as well as
Bacteroidetes, whereas the low redox potential from PM favored
the development of Thermotogae, Aquificae, and Planctomycetes.
The high concentrations of methane in PM lead to the discovery
of bacteria related to Methylothermus thermalis, which is a
moderately thermophilic methanotroph.

On the northern Pacific shore of BCP, the Punta Banda
peninsula hosts geothermal emissions along the NW trending
strike-slip Agua Blanca fault. The vents are both intertidal
and submarine and the emitted fluids are a mix of meteoric
geothermal water and seawater with the geothermal end member
concentration between 60 to 100% of the emissions (Table 1b).
Silica geothermometers indicate reservoir temperature from 110
to 137◦C. Precipitates of pyrite and gypsum enriched in As, Hg,
Sb and Tl are generated from the cooling of the geothermal fluids
mixing with the surrounding colder seawater. The main gas phase
components are 51% CH4 and 44% N2 (Prol-Ledesma, 2003;
Arango-Galván et al., 2011).

Dominica, St. Lucia, Mont Serrat (Lesser
Antilles Volcanic Arc)
The Caribbean Sea is a tectonically active region, as the
Caribbean Plate moves eastward with respect to the North
and South American Plates and it collides with the Atlantic
Plate, which is then subducted beneath the Caribbean Sea
producing the active Lesser Antilles Volcanic Arc (Johnson
and Cronan, 2001), giving rise to a series of islands stretching
from Grenada in the South to Saba in the North. The
younger arc is made up of the volcanic islands of Dominica,
Guadeloupe, Montserrat, Nevis, St. Kitts, St. Eustatius and
Saba, all with histories of late Tertiary and Quaternary
volcanism. Several of the islands host underwater vents
(Figures 1g–i).

On Dominica Island the volcanic activity is relatively
recent being restricted to Pliocene-Quaternary periods. Several
Pleistocene composite andesitic volcanoes are superimposed

upon older Middle Pliocene shield volcanoes creating a N-S
trend. About 30 Kyr ago the Roseau Ignimbrite eruption marked
a shift toward effusive volcanism with formation of pelean dome
complexes composed by abdesite/dacite lava (McCarthy, 2004).

The Plat Pays volcanic complex on the southern tip of
the island is characterized by shallow seismicity and intense
geothermal activity both on-shore and off-shore. Two submarine
hydrothermal areas are located along the south-western coast of
Dominica: Champagne Hot Springs (CHS) and Soufriere (SOU).
The submarine activity is represented by punctual vents emitting
clear fluids and by diffuse bubbling through sand and fractured
volcanic rocks (Kleint et al., 2017).

The CHS are aligned along two E-W trending fissures in the
bedrock composed by medium-K calc-andesites lava. More than
50 vents have been identified at 3-4 m of water depth. Hydrous
ferric oxide precipitates in layers up to 5 cm thick are present
around the vents caused by a strong enrichment in Fe (13-fold
with values up to 12% in weight) of the sediments compared to
the usual concentrations in the Caribbean sediments. Elevated
values in AsIII (up to 311 ppm) are also measured in the sediments
likely due to As adsorption by the hydrous ferric oxide. The
main source of the fluids is identified in a meteoretically derived
hydrothermal member with variable percentage of seawater
entrained in the flow (Johnson and Cronan, 2001; McCarthy
et al., 2005). This hypothesis is supported by the values of salinity
(17.3h for CHS and 10.9h for SOU) that are consistently lower
than the surrounding seawater. Chemical data are presented
in Table 1b. The SOU site is composed by more than 100
vents in lineaments up to 10 m long in water depth up to
10 m. The sediments are enriched in Fe (29.8%) and As
(477 ppm) forming halos of alteration around the vents (Johnson
and Cronan, 2001). Other vents are present in St. Kitts and
Toucary Bay in similarly shallow water (1 – 5 m) creating Fe
enrichment of the sediments of 12.1% and 23. 5% respectively
(Johnson and Cronan, 2001).

Kleint et al. (2017) investigated the concentration, size
fraction distribution (colloidal and soluble) as well as redox
speciation and labile concentrations of the micronutrient iron
(Fe) in the fluids of the hydrothermal system off Dominica
and found them highly enriched in Fe(II), indicating a
strong complexation of Fe(II), strong enough to prevent
oxidation and precipitation. The direct release of stabilized
Fe(II) into the photic zone might influence production in
the coastal waters. A study by Gomez-Saez et al. (2015)
investigated the hydrothermal fluids of the hydrothermal vents
off Dominica as a source of dissolved organic matter and
its interactions with the abundantly present dissolved iron.
The study provides evidence of co-precipitation of DOM with
iron at hydrothermal systems as a selective process, which
characteristically alters the molecular composition of DOM
released with the hydrothermal fluids.

Bacterial community structure analysis revealed a significantly
lower alpha diversity in the hydrothermally impacted sites,
with the presence of key players in iron cycling generally
known from deep-sea vents (e.g., Zetaproteobacteria,
Deferribacteres), supporting the potential importance of
microbes performing iron redox processes. The microbial

Frontiers in Marine Science | www.frontiersin.org 17 October 2021 | Volume 8 | Article 727199

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-727199 October 19, 2021 Time: 18:36 # 18

Caramanna et al. Global Overview Shallow-Water Vents

community composition has been characterized using next
generation sequencing, revealing Gammaproteobacteria as
the most abundant class in vent sediments (Pop Ristova
et al., 2017). Microbial carbon fixation was investigated using
stable isotope probing experiments with 13C-bicarbonate
under light and dark conditions (Gomez-Saez et al., 2017).
The authors found that chemoautotrophy was responsible
for up to 65% of the total carbon fixation, emphasizing
dark carbon fixation as a prominent process for biomass
production in marine coastal environments influenced by
hydrothermalism.

Submarine vents of St. Lucia are present in the Qualibou
caldera along the south-western coast of the island at about
5m of depth. The emitted fluids have temperature up to 35◦C
and the surrounding sediments are enriched in Fe (17.4%)
and As (243 ppm) due to the precipitates from the vents
(Johnson and Cronan, 2001).

On the west coast of the island of Mont Serrat an area
of intermittent bubbling from the seafloor in shallow
water (2- 5 m) is present, with up to 100 vents active
at one time. The temperature of the fluids went up to
57◦C after the onset of a major eruption on the island.
The sediments surrounding the vents are enriched in Fe
(8.1%) and As (7,060 ppm). The shallow-water settings
create a high-energy and high-oxidizing environment thus
preventing substantial building-up of mineral deposits
but sub-surface phase-separation could generate sizeable
mineralization at shallow depth below the venting field
(Johnson and Cronan, 2001).

TECHNOLOGIES FOR SAMPLING,
MONITORING, AND DETECTION

Different methods can be used to identify the presence
of geothermal vents on the seafloor including geochemical,
geophysical and visual tools.

Fluid and Sediment Sampling
The shallow-water vents are often within the range of scuba
activity and therefore can be studied by means of scientific
divers. Fluids sampling techniques have been developed for
the geochemical monitoring of volcanic seeps (Tarasov and
Zhirmunskaya, 1989; Marteinsson et al., 2001; Caramanna et al.,
2005; Chen et al., 2005). Devices can be deployed for measuring
the fluxes of the emitted fluids (Bradley et al., 2010) and current
meters have been positioned by divers to quantify the water
entrainment in gas plumes (Aliani et al., 2010). In situ studies of
the impact of the fluids on the marine biota have been conducted
by divers in several of the seepage areas (Hall-Spencer et al., 2008;
Manini et al., 2008).

The microbial communities within hydrothermally impacted
sediments can be studied by diver-operated sampling of
surface sediment or by using push cores (e.g., Sievert et al.,
1999; Giovannelli et al., 2013; Pop Ristova et al., 2017).
Microbially mediated processes have been studied by

mimicking natural conditions in laboratory incubations
(e.g., Gomez-Saez et al., 2017).

Acoustic Detection
The presence of gas bubbles within the water column above
the seepages can be detected by acoustic methods. The gas-
phase represents a very strong target for sonar with its sharp
difference in density when compared with the surrounding
liquid environment; it is therefore possible to track the bubbles
plume during its rising through the water column (von Deimling
et al., 2010; Rovere et al., 2014). Gas-charged sediments show
a characteristic acoustic turbidity creating blank volumes when
sounded by sub-bottom profilers and seismic methods (Hovland,
1991; Fleischer et al., 2001; Schroot and Schüttenhelm, 2003;
Passaro et al., 2014). Other acoustic signatures of gas in the sub-
bottom are the evidence of pipes and conduits that can be still
active or relics of a former plumbing system for the seeping fluids
(Orange et al., 2005; Schroot et al., 2005).

Morphological Indicators
Morphological features on the seafloor that are associated with
the current or past presence of fluids emissions and that can be
used to identify areas of seepage include:

• Chimneys: geothermal fluids are often vented from the
seafloor through chimneys made of precipitate minerals
such as carbonates, silicates and sulfurs often acting as
cement of sediments or pebbles (Hannington et al., 2011;
Zeng et al., 2011).
• Carbonate outcrops: deposition of carbonates are linked

to the fast degassing of CO2 and are found around both
cold seeps and geothermal vents. Some microbial activity is
also associated with the formation of authigenic carbonates
(Conti et al., 2002; Capozzi et al., 2012).
• Local fault and fracture system: the presence of a fault

system in the bedrock is often associated with emission
of fluids from the seafloor. The fractures representing
a preferential path for the fluids (Chiodini et al., 2006;
Khimasia et al., 2021).

Geochemical Signatures
Emissions of acidic fluids can generate plumes with pH values far
below the normal levels of the oceans. Measuring the water pH in
vertical logs and horizontal transects is a method for identifying
seepage areas (Le Bris et al., 2001). Microsensor profiling can also
be used to monitor sub-millimeter changes of other parameters in
hydrothermally influenced sediments, like temperature, oxygen,
and total sulfide (Wenzhöfer et al., 2000; Yücel et al., 2013;
Sollich et al., 2017). Positive anomalies in dissolved gases such as
CO2 and CH4 are indicative of the presence of submarine fluids
both as geothermal vents or cold seeps. Autonomous underwater
vehicles (AUV) can be equipped with specific suites of chemical
sensors including pH meters and PCO2 sensors; they can be used
for underwater surveys aimed at the identification of seeping
areas (Brewer et al., 2004; Shitashima et al., 2013).
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CONCLUSION AND FUTURE RESEARCH
DIRECTIONS

Shallow-water vents are ideal targets to study the interplay
between the geological forces, environmental stressors and their
imprint on life (Bühring and Sievert, 2017; Price and Giovannelli,
2017). Interdisciplinary research approaches targeting shallow
hydrothermal systems worldwide have the potential to transform
our knowledge from seemingly isolated extreme environments
toward a general understanding of global element cycling and
transport, microbial adaptation, and evolution.

Overall, the large scatter in the environmental data compiled
within this review prevents a convincing, unambiguous and
holistic comparison between the different vent systems. Taken
together, the results suggest a more standardized sampling and
analytical procedure for shallow water hydrothermal systems in
order to reach a global understanding. Besides the detection
of major and minor elements of the fluid, we suggest to
include the analyses of the gas composition, completed by the
detection of temperature and pH along vertical and horizontal
gradients. To quantify the hydrothermal input from shallow
hydrothermal system to coastal oceans, a holistic study of
the transport of hydrothermal elements is necessary, following
the example of Khimasia et al. (2021), but also taking into
consideration the different phases and exchanges between
dissolved, colloidal, and nanoparticles as well as complexation
with organic material.

The analysis of microbial diversity and function allows
further understanding of the underlying geobiological potential.
Especially the application of different -omics techniques, like
functional metagenomics to study gene and protein expression
and function of the whole community or metabolomics to
identify unique chemical fingerprints that cellular processes leave
behind, are very promising approaches that can lead to an in
depth understanding of ecosystem functioning, in particular
when they are coupled to detailed geochemical characterization
and rate measurements of relevant processes.

Finally, shallow-water geothermal vents emitting CO2 can be
used as a “natural laboratory” for the study of the potential

impact of ocean acidification and global warming on marine life.
Moreover, a variety of techniques for gas and liquid emission
detection and monitoring can be developed and tested in these
scenarios with a cost-effective attitude before being deployed in
larger or deeper areas.
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