
Hydrothermal processes
Christopher R Germana, Susan Q Langa, and Jessica N Fitzsimmonsb, aWoods Hole Oceanographic Institution, Woods Hole, MA,
United States; bTexas A&M University, College Station, TX, United States

© 2024 Elsevier Inc. All rights are reserved, including those for text and data mining, AI training, and similar technologies.

Introduction 2
What is hydrothermal circulation? 2
Where does hydrothermal circulation occur? 5
Why should hydrothermal fluxes be considered important? 5
Controls on the geochemistry of submarine vent fluids 6
Water-rock reactions 8
Inorganic geochemistry 8
Abiotic synthesis and alteration of organic compounds 8
Phase separation 9
Magmatic degassing of volatiles 9
Subseafloor residence times 9
Temporal variability 9
Biological influence on fluid geochemistry 9
The geo-diversity of submarine hydrothermal circulation 10
Axial spreading centers 10
Mafic dominated venting 10
Ultramafic influenced venting 11
On-axis diffuse flow 11
Ridge-flank circulation 12
Sedimentary inputs 12
Volcanic arcs at convergent plate boundaries 12
Intra-plate hotspots 13
Transform faults 13
Hydrothermal interactions with the oceanic water column 13
Dynamics of hydrothermal plumes 13
Biogeochemical processes in hydrothermal plumes 14
Tracing hydrothermal plumes 15
Iron and manganese precipitation reactions in hydrothermal plumes 15
Hydrothermal plume scavenging 16
Biogeochemical linkages between hydrothermal processes and the marine carbon cycle 19
Future research directions 21
The biogeochemical significance of low-temperature axial venting 21
Exploring for seafloor hydrothermal venting (and life?) beyond Earth 22
Summary and outlook 23
Remembrance 24
Acknowledgments 24
References 24
Treatise o
Abstract

Submarine hydrothermal activity was detected only toward the latter part of the 20th Century as a direct – but largely
unanticipated – consequence of the Plate Tectonics Revolution. It has now been shown to occur in every ocean basin of our
planet and to have profound impacts on ocean biogeochemical cycles. In the past decade, one particularly important advance
has been the realization that we have not yet identified the full spectrum of geologic settings in which submarine venting can
occur; hence, we have not yet characterized the full range of geochemical fluxes that can arise from hydrothermal circulation
in the sub-seafloor. A further important discovery is that the release of trace elements and isotopes may be intimately
associated with the global carbon cycle, not just at the deep seafloor but up to and including sequestration of significant
amounts of carbon at the air-sea interface: in High Nutrient Low Chlorophyll (HNLC) regions at high latitudes,
hydrothermally-sourced Fe may provide a previously unrecognized source of essential micronutrients to sustain primary
productivity. Finally, the last decade has revealed the presence of multiple additional ocean worlds within our solar system, at
least some of which have the capacity to host – and even have already revealed evidence for – styles of submarine venting that
could support abiotic organic synthesis and, potentially, be inhabited.
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Key points
• Hydrothermal circulation is ubiquitous throughout Earth’s oceans. It plays a major role in transporting heat away from the

Earth’s interior as part of the on-going plate tectonic cycle. While it has long been evident that such processes must have a
consequential impact on ocean biogeochemistry, the full extent of that impact continues to be revealed.

• Of particular note has been the recent recognition that water-rock interactions do not just result in the supply of dissolved
gases and ionic/inorganic species (e.g. dissolved metals and mineral precipitates) to the oceans but can also lead to the
spontaneous generation of key organic compounds including those considered to be the putative “building blocks for life.”

• Recent work using novel survey approaches has revealed an ever-expanding diversity of geologic settings that can host
submarine venting, each with novel geochemical characteristics. They are found not just along mid-ocean ridges, but also at
isolated seamounts, at arcs, back-arcs and even trenches associated with subduction zones. They could provisionally occur
within transform faults as well.

• We now recognize that the impact of submarine hydrothermal circulation on ocean biogeochemistry may be more
profound than previously recognized – even a decade ago. Two key findings contribute to this assertion: (i) sites of
low-temperature flow, out of chemical (redox) equilibrium with the overlying water column, are far more numerous than
the “black smoker” fields prospected for and identified in preceding decades; (ii) the geochemical influence of hydrother-
mal plumes extendsmuch farther than previously anticipated, spanning entire ocean basins and, prospectively, even serving
to fertilize primary productivity in HNLC regions of the surface ocean.

• Planetary environments with water-rock interactions and hydrothermal systems akin to those in Earth’s oceans are now
inferred or anticipated on multiple planetary bodies in our outer solar system. This offers the exciting prospect of
habitability, in the form of chemosynthesis (as found at submarine vents) even in settings too distant from the Sun to
offer much potential for photosynthesis (the process that fuels the majority of life on Earth). In the coming decade, NASA
(together with other space agencies) is preparing to develop new missions to build on this hypothesis and explore for
evidence for life beyond Earth, fueled by hydrothermal systems on ocean worlds in the outer solar system.

Introduction

What is hydrothermal circulation?

Submarine hydrothermal circulation occurs when a subsurface heat source (magma or hot, solid rock) drives seawater convection
through the permeable oceanic basement. The seawater interacts with the fractured ocean lithosphere resulting in rock alteration
and modified fluid compositions. Hydrothermal systems can arise in a diverse array of volcanic/tectonic regimes - wherever
pathways exist for the intersection of subseafloor fluid flow with Earth’s geothermal gradient. The phenomenon has received
most attention to-date along the global mid-ocean ridge system where exciting new discoveries continue to be made. But submarine
hydrothermal circulation can also occur in other geologic settings: in association with intra-plate volcanic hot-spots, at convergent
margins (arcs, back-arcs, subduction zones) and, potentially, along transform faults and oceanic fracture zones.

In general, all hydrothermal circulation follows a common path in which cold and dense, downward-percolating seawater is first
heated and then undergoes chemical modifications through a progressive series of reactions with host rocks, reaching maximum
temperatures that can exceed 400 �C. The heated circulating fluids then become buoyant and rise rapidly back to the seafloor where,
at their most spectacular, they are expelled undiluted into the overlying water column. A diversity of cooler hydrothermal fluids can
also be found exiting the seafloor, however, with a variety of sources. They can result from mixing, just beneath the seafloor,
between hot ascending fluids and cold seawater, or they can form as unmixed but more moderately heated fluids following different
sub-seafloor trajectories. It has long been established that seafloor hydrothermal circulation plays a significant role in the cycling of
energy andmass between the solid earth and the oceans (see, e.g., Schultz and Elderfield, 1997), but the focus of this chapter is upon
the impact that such circulation can have on local-, basin- and global-scale ocean (bio)geochemistry.

The first identification of submarine hydrothermal venting and accompanying chemosynthesis-based communities in the late
1970s remains one of the most exciting discoveries in modern science. Continuing exploration has revealed surprising new
discoveries in the decade since the last edition of the Treatise of Geochemistry, including: (a) demonstration that seafloor
hydrothermal circulation can give rise to abiotic synthesis of key organic molecules critical to the origin of life; (b) revelation
that hydrothermal plume discharge can fertilize primary productivity at high latitudes in Earth’s sunlit upper oceans, impacting the
draw down of atmospheric CO2; and (c) discovery that submarine venting may be present on other ocean worlds in the outer solar
system, potentially rendering them habitable and, thus, providing compelling new targets in the search for life beyond Earth.
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The existence of some form of seafloor hydrothermal circulation was predicted almost as soon as plate tectonics theory emerged
(Lister, 1972). When compared to predicted conductive heat-fluxes across mid-ocean ridges, it soon became apparent that significant
heat must, instead, be extracted from young ocean crust through convection, with the “missing” heat being transported by some form
of submarine hydrothermal circulation (Fig. 1). Preliminary evidence that such processes might have a geochemical as well as a
geophysical signature came with the discovery of warm (40–60 �C) salty water in the deep rift basins of the Red Sea, underlain by
thick layers of metal-rich sediment (Bischoff, 1969). Similar metalliferous core-top sediments were then found to be concentrated
all along the newly-recognized global mid-ocean ridge system (Boström et al., 1969) (Fig. 2). Another early indication of
hydrothermal activity came from the detection of plumes of excess 3He in the Pacific Ocean (Clarke et al., 1969; Lupton and
Craig, 1981) which could be sourced only through active degassing at the seafloor, from Earth’s interior.

In 1977, scientists diving at the Galapagos Spreading Center reported the first direct evidence of hydrothermal fluids discharging
chemically-altered seawater from young volcanic seafloor, at temperatures up to 17 �C (Edmond et al., 1979). Two years later, the
Fig. 1 Oceanic heat flow vs age of ocean crust (after Stein and Stein, 2015). Data from the Pacific, Atlantic, and Indian Oceans depart from the theoretical curve
for cooling by conduction only (solid line: Hasterok, 2013a). Note that the evidence for additional convective cooling (conductive heat flow deficit from the plate
cooling model) for young ocean crust is both more pronounced for lightly sedimented ridge-flanks (red circles) than for those with thick sediment cover (blue
diamonds) and persists for greater distances (ages) off-axis (Hasterok, 2013b).

Fig. 2 Global map of the (Fe + Mn + Al):Al ratio, a tracer of metalliferous sediments, within surficial marine sediments. Highest ratios mimic the trend of the global
mid-ocean ridge axis. After Boström et al. (1969).
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first high-temperature (380 � 30 �C) “black smoker” vent fluids were found at 21�N on the East Pacific Rise (Spiess et al., 1980) –
with fluid compositions remarkably close to those predicted from the Galapagos findings (Edmond et al., 1982). Since that time,
sites of seafloor venting have been identified along the global mid-ocean ridge system in every ocean basin – throughout the Pacific,
Atlantic, and Indian Oceans (Beaulieu et al., 2013, 2015) and, in the past decade, even into the remote Southern Ocean
(Rogers et al., 2012) and the ice-covered Arctic (German et al., 2022a).

It is now estimated that up to �10 TW of cooling (�25% of Earth’s global heat flow) occurs through submarine hydrothermal
circulation, predominantly at mid-ocean ridges, where heat-flow data from throughout the world’s ocean basins (Fig. 1) indicate
that convective cooling plays an important role for ocean crust up to 75 Ma in age (Stein and Stein, 1994). The on-axis (0–1 Ma
crust) component of this heat flux is relatively small (�2 TW) whereas the vast majority (�8 TW) occurs in the form of ridge-flank
circulation through ocean crust 1–75 Ma in age (Mottl, 2003). Hasterok (2013a,b) has estimated that of the �8 TW of heat flux
associated with ridge-flank circulation (1–75 Ma) only �0.2 TW may be associated with thick sediment cover (�400 m) while the
vast majority arises from circulation through young ridge-flanks with thin sediment cover (<400 m). This is important because it is
only at ridge flanks covered by thick sediment that warm crustal reaction temperatures and anoxic basement fluids have been
observed, but such thickly sedimented systems are considered too rare to be considered representative of global-scale ridge-flank
hydrothermal geochemical fluxes (Mottl, 2003).

In stark contrast to ridge-flank systems, the most spectacular manifestations of seafloor hydrothermal circulation yet observed
are the high-temperature (�350 �C) vents that expel fluids from the seafloor, all along the global mid-ocean ridge axis. In addition
to being visually compelling, high temperature vent fluids also exhibit important enrichments and depletions when compared to
ambient seawater. Many of the dissolved chemicals released during subseafloor water-rock reactions precipitate upon mixing with
the cold, overlying ocean, generating thick columns of black metal-sulfide and -oxyhydroxide mineral-rich fluids that visually
resemble smoke – hence the colloquial name for these vents: “Black Smokers” (Fig. 3). Despite their common appearance,
high-temperature hydrothermal vent fluids exhibit a wide range of temperatures and chemical compositions, which are determined
by subsurface reaction conditions. While spectacular, high-temperature vents may represent only a small fraction of the total
hydrothermal heat-flux from young (0–1 Ma) ocean crust along mid-ocean ridge axes. Instead, on-axis hydrothermal fluxes may be
dominated by much lower-temperature fluids exiting the seafloor at temperatures comparable to those first observed at the
Galapagos vent-sites in 1977 (Elderfield and Schultz, 1996; Mottl, 2003). Using conservative tracers, it has been estimated that,
globally, some 20% of the heat available at mid-ocean ridges (0–1 Ma) is released, on average, via high-temperature black-smoker
venting (Nielsen et al., 2006). How that flow is partitioned along slower versus faster spreading ridges, however, and what
implications that might have for biogeochemical fluxes to the oceans are topics of on-going research; this is the major focus of
the Section “The geo-diversity of submarine hydrothermal circulation” in this review.

While high-temperature vents represent only a small fraction of the total hydrothermal heat flux from young oceanic crust, they
transport many inorganic and organic species into the water column. The buoyancy of the high-temperature vent-fluids causes them
to rise from the seafloor entraining and mixing with ambient seawater until they eventually reach a level of neutral buoyancy,
typically 100 m or more above the seafloor. As these plumes disperse, the processes active within them play an important role in
determining the net impact of hydrothermal circulation upon the oceans and marine (bio)geochemistry; that is the subject of the
Section “Hydrothermal interactions with the oceanic water column. In addition, it has been demonstrated that warm fluids, out of
Fig. 3 Photograph of a “black smoker” hydrothermal vent emitting hot (395–400 �C) fluid at a depth of�5000 m and being sampled using an Isobaric Gas-Tight
Sampler using the ROV Jason at the Piccard hydrothermal field, Mid Cayman Rise. Photo Credit: C. German & ROV Jason; © WHOI.
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geochemical equilibrium with the overlying ocean, may also be escaping from the seafloor at many more locations than just “Black
Smokers” (Baker et al., 2016; Chen et al., 2020). Whether they are entrained into the upflow of hydrothermal plumes or not, those
systems may also be playing an important role in regulating ocean biogeochemistry.
Where does hydrothermal circulation occur?

Hydrothermal circulation occurs predominantly along the global mid-ocean ridge crest, a near-continuous volcanic chain that
extends over �60,000 km (Fig. 4). Submarine hydrothermal activity is also now known to be associated with back-arc spreading
centers formed behind ocean-ocean subduction zones and at intra-plate “hot-spot” volcanoes such as Hawai’i. As exploration
continues, InterRidge sustains an updated list of known submarine vent-sites at https://vents-data.interridge.org. As an illustration
of the rate at which vents continue to be discovered, Fig. 4 contains 135 new sites that were discovered in just the past decade
(Beaulieu et al., 2013; Beaulieu and Szafranski, 2020).

In the first two decades following discovery of venting, a pattern emerged in which the frequency with which hydrothermal
plume anomalies were detected along mid-ocean ridges in the eastern Pacific were found to scale with spreading rate – a convenient
proxy for time-integrated magmatic heat budgets in young (0–1 Ma) ocean crust (Baker et al., 1996). With continuing exploration
of slower spreading ridges in the Atlantic, Indian, and Arctic Oceans, however, this linear relationship was found to break down
(Baker and German, 2004; Baker et al., 2004) with the “excess” venting at slow spreading ridges attributed to tectonically-controlled,
rather than neovolcanically-controlled, high-temperature venting (German et al., 2016a). Along medium- and fast-spreading ridges
the abundances of lower temperature venting identified in the most recent decade have brought into question whether our
plume-prospecting techniques are adequate to reveal all the biogeochemically active sources of hydrothermal flow (see
Section titled “The biogeochemical significance of low-temperature axial venting”). Continuing investigations will be required to
evaluate this hypothesis and to reveal whether similar partitioning between high- and low- temperature venting occurs along slow
and ultra-slow spreading ridges. It is certainly the case that at least one entirely different class of lower temperature submarine
venting occurs along slow and ultra-slow spreading ridges (see Section “Ultramafic influenced venting”).
Why should hydrothermal fluxes be considered important?

The impact of submarine venting on ocean chemistry has been evaluated many times since venting was first discovered
(e.g., Edmond et al., 1979, 1982; Staudigel and Hart, 1983; Von Damm et al., 1985a; Elderfield and Schultz, 1996; Davis et al.,
2003; Mottl, 2003; Nielsen et al., 2006; Vance et al., 2009; German et al., 2015, 2016b; Humphris and Klein, 2018). If all the heat
released from the crystallization and cooling of basaltic magma at young (0–1 Ma) mid-ocean ridges were transported as
high-temperature hydrothermal fluids (350 �C and 350 bar), the corresponding black smoker volume flux has been estimated at
5–7 � 1016 g yr−1 (Elderfield and Schultz, 1996). The same study, however, also recognized that high-temperature hydrothermal
fluids are unlikely to be entirely responsible for the transport of all axial hydrothermal heat flux. Based on a mass balance for Tl, for
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Fig. 4 Shaded relief of the ocean floor overlain by locations at which hydrothermal vents have already been located (red symbols) or inferred from the detection of
diagnostic plume signals (yellow symbols). Updated from Beaulieu and Szafranski, 2020. A continuously updated listing of known hydrothermal vent sites and
detected plume sources is maintained by the InterRidge program at: https://vents-data.interridge.org.
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example, it has been estimated that the high-temperature fluid flux to the oceans may be significantly lower (0.17 to
2.93 � 1016 g yr−1), with as little as 20% (range: 5–80%) of axial heat flux being transported in high-temperature fluids (Nielsen
et al., 2006). Note, however, that such “global ocean” budgets, when based on single tracers, have the potential to yield large
error bars.

To put hydrothermal volume fluxes in context, while the maximum flux of cool hydrothermal fluids on unsedimented ridge
flanks may be comparable to global riverine water fluxes (3.7–4.2 � 1019 g yr−1; Palmer and Edmond, 1989), high-temperature
fluid fluxes at mid-ocean ridge axes may be�1000-fold lower. Nevertheless, for an ocean volume of ca. 1.4 � 1024 g, this still yields
a (geologically-short) oceanic residence time, with respect to high-temperature circulation, of ca. 20–30 Ma. This means that
high-temperature fluid fluxes should be important for all elements that exhibit concentration changes more than 1000-fold greater
than river waters. Further, high-temperature fluids entrain large volumes of ambient seawater into their buoyant and neutrally
buoyant plumes (see Section “Hydrothermal interactions with the oceanic water column”) with typical dilution ratios of ca. 104:1
(Lupton, 1995). Thus, if 20% of the fluids circulating at high temperature through young ocean crust were emitted at high
temperature (1.2 � 1016 g yr−1), the total water flux cycled through their overlying hydrothermal plumes should be of the order
of 1 � 1020 g yr−1. Not only does this flux exceed the global freshwater riverine flux, but the associated residence time of the global
ocean, with respect to cycling through hydrothermal plume entrainment, would be �10 kyr and, hence, comparable to the
timescale for the thermohaline circulation (Broecker and Peng, 1982). From that perspective, we can anticipate that hydrothermal
circulation should play an important role in the marine biogeochemical cycle of any tracer that exhibits an oceanic residence time of
>1–10 kyr.
Controls on the geochemistry of submarine vent fluids

The chemistry of submarine vent fluids is controlled by complex combinations of water-rock reactions, phase separation, biological
activity, and mantle degassing (reviewed in Von Damm, 1995). Given the heterogeneity of fluid pathways through the subseafloor,
perhaps it is not surprising that almost no two vent fluids have identical chemical compositions. Even the geochemistry of a fluid
from a single location can change over time due to magmatic and tectonic events. Despite this complexity, some of the major
reactions that control fluid chemistry are ubiquitous. Further, the unique fingerprint of a vent fluid can be used to infer the
subseafloor conditions that it underwent during its journey.

Early insights into the controls on vent fluid chemistry came from laboratory experiments that allowed fluid geochemistry
predictions to be made prior to the discovery of hydrothermal vents. Rock types comprising the oceanic lithosphere, such as basalt
and peridotite, were reacted with seawater at elevated temperatures and pressures (Bischoff and Dickson, 1975; Hajash, 1975;
Bischoff and Seyfried, 1978; Seyfried and Dibble, 1980), and showed that SO4 and Ca are rapidly removed from fluids due to
anhydrite precipitation (Fig. 5). Concentrations of Mg drop to near-zero due to rock alteration reactions, with an accompanying
Fig. 5 Results from early laboratory experiments in which seawater was reacted with basalt powder at 200 �C, 500 bar (data from Bischoff and Dickson, 1975).
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increase of Ca that ultimately raises its concentrations to higher than starting seawater (Bischoff and Dickson, 1975; Hajash, 1975;
Bischoff and Seyfried, 1978). In basaltic systems, the H+ ions liberated during these and other reactions cause fluids to be acidic at
room temperatures. Altered fluids contain elevated concentrations of Si and trace metals such as Fe, Mn, and Cu that are leached
from the basalt.

Ca2+ + SO4
2 − ¼ anhydrite CaSO4 sð Þ

� �
(1)

Plagioclase + Mg2+ + H2O ¼ clays + Ca2+ + K+ + H4SiO4 + H+ + Fe2+ + Mn2+ (2)

The discovery of hydrothermal activity on the Galapagos Rift, hosted in basalts, provided the ultimate proof of these reactions
occurring at spreading centers (Corliss et al., 1979; Edmond et al., 1979). Geophysical modeling of basement temperatures
provided estimates of how much heat must be lost from the crust due to circulating fluids. Now that these fluids could be sampled
directly, the ratios of elemental concentrations to heat (derived from fluid temperature) could be extrapolated to total global
geochemical fluxes (Corliss et al., 1979). From these calculations it was immediately clear that hydrothermal circulation is
responsible for removing large quantities of Mg from the ocean.

The earliest recognized hydrothermal systems were hosted in young crust at spreading centers, leading some to believe further
exploration was unnecessary as all systems would reflect the reaction between two relatively uniform materials: hot basaltic ocean
crust and seawater. Over time, however, our access to the deep sea has expanded and the incredible diversity of rock types,
temperatures, pressures, and residence times that fluids are exposed to during transit through the oceanic basement has become
more apparent. Below, we briefly summarize some of the major processes that impact fluid geochemistry. In the following section
we discuss the major known types of hydrothermal systems and their associated geochemistry.

In general, fluids percolate into the crust, react with the host rock at elevated temperatures, then rise buoyantly to exit at the
seafloor. Close to the point where fluids exit the seafloor, local seawater often mixes in the near-subsurface to create lower
temperature ‘diffuse’ vents (Fig. 6). While such conceptual diagrams may depict subseafloor hydrothermal systems in a ‘flow-
through’ context, with a steady progression from deep recharge to upflow, it is likely that fluid flow through the subseafloor is more
complex and heterogeneous, with packets of fluids trapped in pore spaces for variable amounts of time before mixing back into a
main flow path. Thus, fluids that exit the seafloor reflect an integration of all the reactions that occur along that pathway.
Fig. 6 Idealized cross section of a hydrothermal system. Seawater enters the basaltic crust through cracks and fissures in the seafloor and undergoes a
series of water-rock interactions that cause large elemental changes, including the loss of Mg and the gain of trace metals. Magmatic degassing may contribute
volatiles such as He and CO2. If the fluid reacts with ultramafic (mantle) rocks, H2 may be generated. Fluid inclusions and pore spaces within plutonic rocks contain
a variable mix of CH4, H2, CO2, and other volatiles that can be mobilized by circulating fluids. When heated to temperatures >300 �C, fluids undergo phase
separation, creating both a volatile-rich and a brine-rich fluid. The hot fluids rise buoyantly and exit at the seafloor through focused, high temperature hydrothermal
chimneys or via more widespread exit points after conductive cooling. Low temperature (diffuse flow) venting can arise either through near-subseafloor mixing
between high temperature fluids and seawater, or from shallow recharge and low-temperature water rock reactions that never reach the hottest temperatures
associated with black smoker venting.
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Water-rock reactions

Inorganic geochemistry
The reactions that occur between rocks and seawater at elevated temperatures fundamentally set the geochemistry of hydrothermal
vent fluids. Deep seawater is largely geochemically uniform, so much of the variation in fluid geochemistry is driven by host rock
type and the temperature of the system. The oceanic lithosphere is composed of both mafic rocks, such as basalt and gabbro, and
ultramafic rocks, such as peridotite. Fast and intermediate spreading centers with a robust supply of magma are dominated by mafic
rocks. At slow and ultraslow spreading centers, ultramafic rocks from deeper in the lithosphere are exhumed and can be exposed
along significant parts of the mid-ocean ridge. Fluids that percolate through sediments are further modified through reactions with
terrigenous and/or photosynthetically derived materials.

Some reactions occur independent of host rock type. Anhydrite (CaSO4) precipitation proceeds simply by heating seawater to
temperatures >140 �C, and Mg is removed from solution in the form of Mg-hydroxy-silicates. Oxygen and other oxidants are
rapidly removed due to microbial processing and/or redox reactions with minerals. As a result, fluids are highly reducing; sulfur is
typically present as hydrogen sulfide (H2S) or elemental sulfur (So), nitrogen as ammonia or ammonium.

In mafic systems, reacting fluids become acidic and rich in dissolved trace metals. Sodium is lost and calcium gained due to
NadCa replacement reactions in plagioclase minerals (albitization). Potassium and other alkalis undergo similar reactions that
generate acidity. Large quantities of iron, manganese, and silicon are leached out of rocks and into fluids. The bicarbonate that
dominates seawater can be precipitated as calcium carbonate; the extent to which this reaction proceeds depends in part on the
temperatures, pH, and alkalinity of the fluids (Alt et al., 2013; Coogan and Gillis, 2018). One of the few ions that is largely
unreactive is chloride as it has almost no mineralogic sink. The concentration of Cl therefore provides an important tracer of other
physical processes such as phase separation and hydration/dehydration reactions.

Ultramafic rocks contain substantial amounts of olivine and pyroxene that undergo a reaction called serpentinization when
exposed to seawater (Früh-Green et al., 2004). The rock takes up water and releases OH− and H2, resulting in fluids that are more
alkaline than mafic systems and rich in the dissolved gases H2 and CH4. Ultramafic systems with minimal magmatic input, such as
Lost City, tend to have very low concentrations of trace metals such as iron and manganese and do not reach the high temperatures
(>300 �C) of magmatic systems (Kelley et al., 2005). Many vent fields exist, however, such as the Rainbow hydrothermal field, that
exhibit attributes of both ultramafic (e.g., high H2) and mafic (e.g., high temperatures, high trace metals) influence (Charlou et al.,
2010). Clearly, vent fluid geochemistry can occur in a continuum between idealized endmembers.
Abiotic synthesis and alteration of organic compounds
Hydrothermal fluid geochemistry has historically been focused on the large compositional changes to inorganic species and
volatiles, but water-rock interactions also impact the organic geochemistry of fluids in unique ways (Lang et al., 2019). Deep
seawater carries 34–48 mM of refractory dissolved organic carbon that is largely removed during circulation through high temper-
ature and ridge flank hydrothermal systems (Lang et al., 2006; Lin et al., 2012; Shah Walter et al., 2018), constituting a significant
global sink (Shah Walter et al., 2018). In lower temperature subseafloor systems, chemoautotrophic microbial communities
synthesize new organic material that is exported to the deep sea (Lang et al., 2006; McCarthy et al., 2011). Hot fluids that interact
with sediment cause the alteration and break down of biologically derived compounds, creating small soluble organics as well as
larger, insoluble oil-like material that accumulates in the solid phase (Kawaka and Simoneit, 1987; Seewald et al., 1990; Lin et al.,
2017). The organic compounds produced in hydrothermal systems can bind to the trace metals leached into the fluids, facilitating
their solubility in the water column and their transport across ocean basins (Bennett et al., 2008; Sander and Koschinsky, 2011).

Perhaps the most exciting development over the past 15 years, however, is the recognition of wide-spread abiotic synthesis of
organic molecules in hydrothermal settings. The H2 produced by serpentinization and other types of fluid-rock interactions can
react with inorganic carbon to formmethane and short chain hydrocarbons by the general reaction (McCollom and Seewald, 2007):

CO2 + H2 ➔ CH4 + C2H6 + C3H8 + CnHn+2 . . . : + H2O (3)

Abundant (milli-molar) concentrations of abiotic methane are a signature of ultramafic systems (Charlou et al., 2010; Proskurowski
et al., 2008). The formation of CH4 from CO2 is kinetically inhibited at temperatures <300 �C (McCollom and Seewald, 2007;
McCollom, 2016), which is hotter than several modern systems with elevated CH4 concentrations (e.g., Lost City, Von Damm),
suggesting that methane may not be synthesized on the timescales of active circulation. Instead, CH4may form during earlier, hotter
stages of hydrothermal systems, trapped in fluid inclusions, and only later be released into circulating fluids (see Section “Magmatic
degassing of volatiles”, below).

The single carbon organic acid formate (HCOOH) rapidly equilibrates abiotically with CO2 and H2 and has also been identified
in multiple ultramafic and subsurface systems at micro-molar to milli-molar concentrations (Lang et al., 2010; McDermott et al.,
2015; Sherwood Lollar et al., 2021). Trace concentrations of methanethiol (CH3SH) have also been reported from many types of
hydrothermal fluids (Reeves et al., 2014), and the amino acid tryptophan and structurally similar organic molecules have more
recently been identified in association with serpentine alteration phases recovered from ocean drilling (Ménez et al., 2018). The
abundance and diversity of abiotic organic molecules in hydrothermal systems has raised the possibility that these environments
could have provided the prebiotic soup necessary for the emergence of early life (Baross et al., 2019).
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Phase separation

At high temperatures and pressures, hydrothermal fluids will undergo phase separation in the form of either separation into a
low-salinity vapor phase and a brine phase or, if phase separation occurs above the critical point of seawater, a small amount of high
salinity brine condenses from the fluid. In either case, two conjugate fluids result, and chemical species will preferentially separate
into either the brine or the vapor phase depending on their affinity. Metals and non-volatile elements such as Cl will preferentially
remain in the brine phase, with most cations maintaining their element-to-Cl ratios (Butterfield et al., 1994). Volatiles such as H2,
CH4, H2S, He, and CO2 will partition into the less dense vapor phase. The temperature at which phase separation occurs depends on
fluid salt content and pressure, so vents hosted at greater depths can be heated to more extreme temperatures before undergoing
phase separation. The resulting impacts on vent-fluid composition can be significant, with Cl contents reported as much as 10 times
lower than seawater (Von Damm et al., 1995). Essentially no fluids reported from anymafic hydrothermal systems have been found
to exhibit chlorinities equal to local ambient seawater, indicating that phase separation is a ubiquitous process (Edmonds and
Edmond, 1995). For a more extensive treatment of phase separation, the reader is directed to prior versions of this chapter (German
and Von Damm, 2004; German and Seyfried, 2014).

Magmatic degassing of volatiles

Hydrothermal circulation is intimately associated with the magmatic processes that form new oceanic crust and is the primary
mechanism that transfers heat and elements from the lithosphere to the overlying ocean. Seismic surveys have identified magmatic
bodies underlying vent fields on fast and intermediate spreading centers (e.g., Singh et al., 1998; Robinson et al., 2020), some of
which are periodically resupplied with fresh material (Wilcock et al., 2016). As magma ascends and cools, the decrease in pressure
and temperature lowers the solubility of dissolved volatiles (H2O, CO2,

3He), causing the formation of a gas phase that can be
entrained into hydrothermal fluids (Fyfe et al., 1978). Mantle-derived 3He is used as a local and ocean basin-wide tracer of
hydrothermal plume processes (see later Section “Hydrothermal interactions with the oceanic water column”). The vast majority of
high temperature hydrothermal fluids have CO2 concentrations equal to or greater than deep seawater due to magmatic CO2 inputs
(McCollom, 2008). Natural abundance 14CdCO2 has been used to track local processes such as magmatic events and the
incorporation of mantle carbon into food webs (Proskurowski et al., 2004; Lang et al., 2018).

Not all magmatic gases are released immediately into hydrothermal systems. As melts cool and primary minerals undergo
alteration, gases can also be trapped in the form of vesicles, stored over geologic time scales and, under favorable physicochemical
conditions, the trapped CO2 can subsequently be re-speciated into CH4 and graphite (Kelley and Früh-Green, 2001). It has been
proposed that the abundant CH4 associated with ultramafic systems may also be due, at least in part, to the remobilization of
CH4 that re-speciated from magmatic CO2 in fluid inclusions formed at high temperatures (Kelley and Früh-Green, 2001;
McDermott et al., 2015; Klein et al., 2019).

Subseafloor residence times

The amount of time that fluids spend in the subseafloor, referred to as their subseafloor residence time, will also influence the extent
to which slower water-rock reactions proceed. Fluids in high temperature hydrothermal systems percolate into the crust, are heated
in the subseafloor, and buoyantly rise to return to the seafloor on time scales of <1 year (Kadko and Moore, 1988; Moore et al.,
2021). This rapid rate of ascent is often used to infer pressure conditions at the base of hydrothermal circulation cells from Si
concentrations in sampled fluids, assuming the latter reflect equilibration with quartz at high temperature (Foustoukos and Seyfried
Jr., 2007). In ridge flank systems, water continues to circulate through older crust at lower temperatures. Fluid pathways are longer,
and residence times can reach decades to thousands of years (Elderfield et al., 1999; Neira et al., 2016). As an example of how
residence times impact fluid chemistry, chemical species such as magnesium are largely unreactive over short time periods at
temperatures <150 �C (Seyfried and Bischoff, 1979). The fluids on the Juan de Fuca ridge flank are <65 �C but lack any dissolved
Mg (Mottl et al., 1998); the long residence times allow alteration reactions to occur that are too slow to be observed on the timescale
of laboratory experiments (Fisher and Wheat, 2010).

Temporal variability

Within single vents, the fluid composition can change significantly over relatively short timescales (minutes to years) due to
geotectonic variations that can affect any of the variables listed above. This temporal variability has been studied very well at EPR
9�N (Von Damm, 2000; Escartin et al., 2007; Tolstoy et al., 1996) following magmatic events in 1991 and 2005–2006, as well as
Main Endeavor Field on the Juan de Fuca Ridge in 1999 (Lilley and Von Damm, 2008; Lilley et al., 2003) and Kama’ehuakanaloa
(Lo’ihi) in 1996 (Wheat et al., 2000). In contrast, other sites, especially those with little to no magmatic activity, exhibit remarkably
constant vent fluid compositions; the best example of this is the TAG site on the slow-spreading Mid-Atlantic Ridge, which has
exhibited stable vent fluid compositions for several decades (Gamo et al., 1996; Chiba et al., 2001).
Biological influence on fluid geochemistry

Microorganisms have been found to proliferate in subseafloor hydrothermal systems regardless of geologic setting. Although
hydrothermal fluids are rich in trace metals and volatiles such as hydrogen and methane, they often lack other constituents
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necessary for growth, such as nutrients. Zones where reduced hydrothermal fluids mix with oxidized seawater, therefore, represent
ideal conditions for microbial metabolisms to exploit. In such mixing zones, strong redox gradients arise in which oxidized
chemical species (e.g. O2, CO2, sulfate, nitrate) mix with reduced species (e.g. H2, CH4, H2S). This causes thermodynamic
disequilibria that can fuel microbial metabolisms such as sulfate reduction, methanogenesis, methanotrophy, and hydrogen
oxidation (Amend et al., 2011; Dick et al., 2013; McCollom, 2000). The taxonomic and functional distribution of microorganisms
is highly dependent on the host fluid chemistry, particularly pH, temperature, and the availability of reduced chemical species
(Schrenk et al., 2010; Orcutt et al., 2011). Mixing zones can occur in the rocky subseafloor or in hydrothermal chimneys. The
influence of these microbial metabolisms is evident in shallow subseafloor mixing zones adjacent to high temperature vents.
In comparison to conservative mixing of hot vent fluids with deep seawater, diffuse fluids are lower in H2 and higher in CH4 (Von
Damm and Lilley, 2004; Wankel et al., 2011). Since the temperatures at which mixing takes place are typically too cool for abiotic
methanogenesis, this has often been taken as a clear indication that methanogens are responsible for the consumption of H2 and
production of CH4 (Wankel et al., 2011). Losses of nutrients and other oxidized constituents (nitrate, phosphate, sulfate) in such
settings have also been attributed to microbial uptake (e.g. Bourbonnais et al., 2012). One recent study, however, has shown that
hydrogen removal can also occur from diffuse flow fluids at temperatures hotter than the known limits for life (�122 �C; Takai
et al., 2008), indicating that the non-conservative behavior of geochemical tracers during subseafloor mixing need not always be
indicative of microbial consumption (McDermott et al., 2020).
The geo-diversity of submarine hydrothermal circulation

Axial spreading centers

The vast majority of identified hydrothermal systems are hosted on young (<0.1 Ma) ocean crust formed at spreading centers
throughout the globe. Fast and super-fast spreading centers are continuously supplied with new injections of magma, form new
oceanic crust at rates of 100–140 mm yr−1, and host mafic hydrothermal systems. Intermediate-spreading ridge axes such as the Juan
de Fuca Ridge and Gorda Ridge in the NE Pacific host vent fields with similar compositions as they are also largely associated with
mafic rocks. Slow (<60 mm yr−1) and ultra-slow (<20 mm yr−1) spreading centers constitute �50% of all mid-ocean ridge
spreading centers by length (Sinha and Evans, 2004), and host more heterogenous vent fields with substantial contributions of
ultramafic rocks (Charlou et al., 2010).

To a first approximation, fast spreading ridges are all located in the Pacific Ocean – most notably along the East Pacific Rise
which, below 15�S, represents the fastest known spreading center worldwide (Fig. 7). The Mid-Atlantic ridge is slow spreading along
its entire length although that spreading rate does also show a further systemic decrease from south to north. Ultraslow spreading
centers are found primarily in the Arctic (including the Gakkel Ridge and the Knipovich Ridge which continues south into the
Norwegian-Greenland Sea) and the Southwest Indian Ridge which extends from the Rodriguez Triple Junction in the Indian Ocean
at its northeast limit, past the southern tip of Africa and into the southernmost Atlantic Ocean at its SW end. The Mid-Cayman Rise
represents a much shorter (�100 km), but also much more accessible, segment of ultraslow spreading mid-ocean ridge in the
Caribbean Sea.
Mafic dominated venting
Hydrothermal systems hosted in hot, mafic crust are characterized by high temperature fluids that can reach higher than 400 �C in
the subsurface (Campbell et al., 1988). Hot, acidic fluids carry high concentrations (mM to mM) of dissolved metals that precipitate
upon mixing with cold seawater. Examples of fast and super-fast spreading centers that host hydrothermal fields include the East
Pacific Rise as well as the Galapagos Spreading Center, Gorda Ridge, and Juan de Fuca Ridge. Despite its slow spreading rate, mafic
dominated vent fields still constitute approximately half of all known vent fields along the Mid-Atlantic Ridge, including the first
sites of venting that were found on that ridge at the TAG and Snakepit sites (German et al., 2016a).

Most high-temperature vent fluids have pH values of 3.3 � 0.5 when measured at 25 �C (German and Von Damm, 2004; see
Diehl and Bach, 2020, 2021 for a current global database). Note, however, that the concentration of free H+ at room temperature
differs substantially to that at in situ conditions due to the precipitation of metal sulfides and oxides and dissociation of H+ and
OH− bearing ion pairs and complexes during cooling (Ding and Seyfried, 2007). As a result, the pH of black smoker fluids is only
slightly acidic (5.1–5.4) at in situ conditions (Ding et al., 2005).

The concentrations of volatiles such as CH4 are generally low in axial mafic hydrothermal systems compared to sedimented or
ultramafic systems, though higher than deep seawater (0.3 mmol L−1). Vent fluid CH4 concentrations are <250 mmol L−1 in high
temperature fluids from mafic high temperature sites on the East Pacific Rise, Juan de Fuca Ridge, and Mid-Atlantic Ridge (Lang
et al., 2019). Concentrations of H2 are controlled by pressure, temperature, and fluid-mineral equilibria (Seyfried and Ding, 1995).
Mineral assemblages that create more reducing redox buffers will lead to fluids with higher concentrations that typically remain
<1 mmol L−1 H2, although the very deep and hot Piccard field represents an important exception to that general rule, with
concentrations reaching 20 mmol L−1 (McDermott et al., 2018). The speciation of sulfur is similarly controlled by interactions
with mineral assemblages, leading to millimolar concentrations of H2S. Both H2S and H2 concentrations can spike as a result of
magmatic outgassing and lava-seawater reactions after a dike injection or volcanic eruption (e.g. Lilley et al., 2003; Seewald
et al., 2003).



Fig. 7 Map of the half spreading-rate of the oceanic crust (data from Seton et al., 2020) with the distribution of active hydrothermal vents that have been confirmed
(colored circles) or are known to exist from the detection of chemical signals in the overlying water column (white circles). Vents with an ultramafic influence are
denoted in green and are found along slow- and ultra-slow spreading ridges and in association with subduction zones (<60 mm yr−1). Vent distributions from
Beaulieu and Szafranski, 2020. Figure courtesy of Isaac Keohane, U. South Carolina, with input from Stace Beaulieu, WHOI.
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Ultramafic influenced venting
Slow and ultraslow spreading centers have less magmatic input and instead are largely tectonically driven (Dick et al., 2003; Snow
and Edmonds, 2007). As plates spread, mantle rocks are exhumed from depth and emplaced at the seafloor, exposing ultramafic
mantle rocks to seawater (Snow and Edmonds, 2007). In the most extreme cases, systems lack magmatic contributions altogether
and fluids are heated by lithospheric cooling alone (Titarenko and McCaig, 2016; Lowell, 2017). Fluid pathways are less
channelized than in magmatically-driven systems, leading to the export of hydrothermal fluids across a wide geographical area
(Lang et al., 2021). Reactions between seawater and ultramafic rocks result in fluids with distinct geochemical signatures including
milli-molar concentrations of H2 and CH4, and alkaline pHs (see “Inorganic geochemistry” section, above).

Many systems have both mafic and ultramafic contributions. The Rainbow field (36�N, Mid-Atlantic Ridge) has the high
temperature (360 �C), metal-rich (especially high Cu, Fe, and Fe/H2S), acidic fluids characteristic of a mafic system but also the
extremely high H2 concentrations (16 mM) indicative of ultramafic influence (Charlou et al., 2010). In December 2000, geologists
diving at an oceanic core complex at 30�N on the Mid-Atlantic Ridge encountered an entirely new class of lower temperature
submarine venting at a field with large (up to 20 m tall) chimneys of calcite [CaCO3], aragonite [CaCO3], and brucite [Mg(OH)2]
(Kelley et al., 2005). The Lost City field (30�N, Mid-Atlantic Ridge) exhibits minimal mafic influence and, instead, is dominated by
ultramafic characteristics, with maximum temperatures of 115 �C, pH values as high as 11, and H2 concentrations of 15 mM (Kelley
et al., 2005; Proskurowski et al., 2008; Seyfried et al., 2015). In 2010, a more targeted exploration of a similar geologic setting on the
Mid-Cayman Rise led to the discovery of �100–226 �C fluids at the Von Damm hydrothermal field, a truly mixed system with pH
values of �6 to accompany its high H2 (18 mM) concentrations (McDermott et al., 2015). More recently still, dives to the
amagmatic section of the SW Indian Ridge discovered the Old City vent-site that, at least superficially, seems very similar to the
Lost City site on the Mid-Atlantic Ridge (Lecouevre et al., 2020).
On-axis diffuse flow
Adjacent to high temperature systems, cold seawater enters the subseafloor and mixes with ascending hot hydrothermal fluids to
create lower temperature ‘diffuse vents.’ Shallow convection through the seafloor also forms low temperature fluids without mixing,
as the result of water-rock reactions that alter fluid geochemistry to a lesser extent than in high temperature fluids. The lower
temperatures and availability of thermodynamic energy make these particularly favorable locations for the growth of microorgan-
isms and macrofauna. Approximately 50–90% of axial hydrothermal heat flux is thought to be lost via low temperature diffuse
venting (Elderfield and Schultz, 1996; Bemis et al., 2012). The degree to which diffuse fluxes impact elemental exports remains very
poorly constrained, especially since the mixing geometry of this subseafloor plumbing is thought to vary widely (Lowell et al.,
2015). Any non-conservative mixing in the subseafloor will alter these fluxes in ways that are starting to prove important. For
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example, dissolved iron, copper, and chromium are stabilized by binding with organic ligands in diffuse fluids, with major
implications for the transport of trace metals across ocean basins (Bennett et al., 2008; Sander and Koschinsky, 2011; Lough
et al., 2019). Better characterization of the role of diffuse fluids in elemental export and biogeochemical cycling is an important
focus of future work (see Section “The biogeochemical significance of low-temperature axial venting”, below).
Ridge-flank circulation

As oceanic crust spreads away from the ridge crest it continues to be cooled by advective fluid flow to an age of approximately 65 Ma
(Fig. 1); (Stein and Stein, 1994; Johnson and Pruis, 2003). Low-permeability sediment cover slows the exchange of fluid between
the ocean and lithosphere, so bare-rock seamounts and other topographic highs are the primary locations of fluid recharge and
discharge (Hutnak et al., 2008; Lauer et al., 2018). Regions buried with thick sediments, such as the Juan de Fuca Ridge flank,
preclude rapid cooling, causing moderately heated fluids (65 �C) and significant water-rock exchange (Elderfield et al., 1999).
However, the vast majority of ridge flank fluids pass through much cooler systems that retain geochemical signatures that are
essentially indistinguishable from seawater - as observed, for example, at the Dorado Outcrop (10–20 �C) on 23 Ma crust on the
eastern flank of the East Pacific Rise (Mottl andWheat, 1994; Wheat et al., 2017). Similar crustal aquifers have been accessed directly
through drilling in the North Pond sedimented basin on the western flank of the Mid-Atlantic Ridge (Wheat et al., 2020a). Most
recently, a large and high temperature hydrothermal vent field has been discovered 750 m east of the ridge-axis on the East Pacific
Rise (McDermott et al., 2022), highlighting that there is maybe an even greater variety of off-axis hydrothermal circulation than
previously anticipated or, hence, looked for.
Sedimentary inputs

Interactions with sediments can also alter hydrothermal fluid geochemistry. In highly sedimented ridge-flank settings, the base of
the sediment layer exchanges with the crustal aquifer, leading to changes in concentrations of Mn, Fe, Mo, Si, PO4

3−, V, and U
(Wheat et al., 2013). In extreme cases, mid-ocean ridges abut continental margins sufficiently closely that even the ridge-axis (and
associated hydrothermal venting) can become covered in sediments. Where such sediments are primarily biogenic, as found at the
Guaymas Basin (Von Damm et al., 1985b) photosynthetically-derived organic matter is decomposed thermogenically to species
readily soluble in circulating fluids including NH4, CH4, CO2, Si, and small organic molecules (Von Damm et al., 1985b; Lilley
et al., 1993; Cruse and Seewald, 2006).

At higher latitudes, such as at the Escanaba Trough (Gorda Ridge) and Middle Valley (Juan de Fuca Ridge) in the north east
Pacific, a slightly different pattern emerges. Vent fluids may continue to emit high concentrations of some dissolved gas species
(e.g. 3He/4He, CH4) but dissolved H2S concentrations and dissolved metal concentrations tend to be low due to cooling of the
fluids as they ascend up through the porous medium of the terrigenous sediment covering the ridge-axis (Campbell et al., 1994; Von
Damm et al., 2005). Associated sediments in both the Escanaba Trough and Middle Valley have been found to be enriched in these
samemetals providing new insights into processes by which metal-rich ore deposits may be generated on land (German et al., 1995;
Zierenberg et al., 1998). Evidence for similar sediment-hosted venting has been detected in the past decade at the Chile Triple
Junction in the South East Pacific Ocean (German et al., 2022b).

In addition to the settings described above, where sediments overlie the ridge axis, there are also notable sites where sediment is
absent from the ridge axis and yet vent-fluid chemistry (notably, enrichments in NH4

+) appear to reveal compelling evidence for the
assimilation of a sedimentary component into water-rock interactions in the subseafloor hydrothermal convection cell. Such
signatures have long been recognized at the Endeavour Segment of the Juan de Fuca Ridge (Lilley et al., 1993) but have now also
been recognized at the Loki’s Castle site on the Mohns Ridge in the Norwegian-Greenland Sea (Baumberger et al., 2016).
Volcanic arcs at convergent plate boundaries

Volcanic arcs are the surface expression of magmatic systems that result from the subduction of mostly oceanic lithosphere at
convergent plate boundaries. Submarine volcanic arcs in which both plates are oceanic occur mostly in the western Pacific Ocean,
including the Izu-Bonin-Mariana, Tonga-Kermadec, New Hebrides and Aleutian arcs. A notable exception is a short chain in the
southern Atlantic Ocean near Antarctica: the South Sandwich arc (German et al., 2000; James et al., 2014). Extensive hydrothermal
circulation is associated with both arc and back-arc regions. The Lau Basin and Kermadec Arcs in the southwest Pacific and the
Mariana Arc in the western Pacific each host 30–50 volcanos, of which dozens are hydrothermally active (Resing et al., 2009; Baker
et al., 2019; Kleint et al., 2019). The magmas formed in arc systems are enriched in volatiles by an order of magnitude compared to
MORB (Wallace, 2005; Plank et al., 2013). As a result, fluids tend to be volatile-rich, particularly in CO2, acidic due in part to
magmatic SO2 degassing, and have high trace metal concentrations (de Ronde and Stucker, 2015). But the wide variety of rock types,
the contributions from subducting sediments, the potential for actively erupting volcanoes, and the intersection with other
geological processes such as rifting create highly heterogenous fluids and occasional extreme conditions such as the presence of
liquid CO2 or liquid sulfur at the seafloor (Lupton et al., 2006; de Ronde et al., 2015).

Actively erupting volcanoes have been sampled in some back-arc systems, including the West Mata volcano in the Lau Basin
(Resing et al., 2011; Baumberger et al., 2014) and NW Rota-1 on the Mariana Arc (Butterfield et al., 2011). Associated fluids contain
elevated concentrations of H2, only slight enrichments of CH4, and exhibit extremely low pH values of <1.5, all arising from
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reactions between molten rock and seawater (Butterfield et al., 2011; Resing et al., 2011). At both West Mata and NW Rota-1, fluids
associated with erupting sites did not exit the seafloor via well defined orifices, as is typically observed in ridge-crest systems. Instead,
they were found to be pervasive throughout the water column immediately overlying the lava flows, and/or accumulated within any
calderas present.

Hydrothermal fluids are also now known to circulate through the forearc regions of subduction zones, such as the Mariana
Trench (Fryer, 2012). As the subducting slab loses water, serpentinization of overlying mantle rocks can occur, forming mud
volcanoes composed largely of serpentinite grains. The low-chlorinity springs change in composition with distance to the
subduction zone, but generally are highly alkaline (pH > 10.7), enriched in dissolved carbonate, CH4, NH3, K, Rb, B, and
short-chain organic acids (Mottl, 1992; Mottl et al., 2022; Haggerty and Fisher, 1992; Eickenbusch et al., 2019; Wheat et al., 2020b).
Intra-plate hotspots

Volcanoes created by intraplate hotspots occur most prominently in the central and western Pacific Ocean (Galapagos, Hawai’i,
Pitcairn, Society Islands, Samoa) and every site that has been investigated to date hosts seafloor hydrothermal activity. They are all
relatively low temperature (<50 �C) systems, including Galapagos (Corliss et al., 1979), Teahitia (Michard et al., 1993), Kama’e-
huakanaloa (formerly L�oihi) (Glazer and Rouxel, 2009), and Vailulu’u (Staudigel et al., 2006). While volcanic activity can lead to
transient increases in temperature at the seafloor (Wheat et al., 2000), the emerging general case seems to be that hydrothermal
circulation through these tall conical seamounts involves quite distinct subseafloor fluid trajectories. At mid-ocean ridges,
down-flow and up-flow limbs of a hydrothermal convection cell occur at very similar depths, along-axis from one another
(Fig. 6). In the case of tall, conical intra-plate seamounts, by contrast, recharge occurs close to the base of the seamount, thousands
of meters deeper than their summit vents, followed by a long tortuous up-flow stage (Milesi et al., 2023; Chan et al., 2023). This
leads to low-temperature fluids discharged from these seamounts, enriched in Fe, Mn, and Si. Despite the low temperature nature of
seafloor venting at these intra-plate hot-spots, their fluxes are sufficient to rise significant heights above the seafloor and form
non-buoyant hydrothermal plumes (Bennett et al., 2011; German et al., 2020) that can be traced long distances through the oceans
(Jenkins et al., 2020).
Transform faults

With the discovery of tectonically-controlled venting at slow, and especially ultra-slow spreading ridges (see Section “Ultramafic
influenced venting”, above) attention has turned, in the past decade, to ocean transform faults: the third style of active tectonic plate
boundary and one that had previously been overlooked. The rationale for such interest is that geothermal gradients exist everywhere
in Earth’s subsurface and so, logically, deep-penetrating faults that pierce through oceanic lithosphere at transform faults could
facilitate pathways for fluid flow, hence, the potential for some form of water-rock geochemical reactions. Systematic exploration of
transform faults remains in its infancy (Boettcher et al., 2023) but after nearly 50 years of seafloor exploration for venting, we now
recognize that concentrically-zoned metal sulfide deposits dredged from the Romanche Transform (Bonatti et al., 1976) may have
represented collection of high temperature chimney material, years before mid-ocean ridge black smoker vents were first discovered.
Hydrothermal interactions with the oceanic water column

In earlier sections, we have described controls on gross chemical fluxes to the ocean, based on hydrothermal vent fluid compositions
generated from water-rock interactions across a variety of geotectonic settings. These fluxes can increase the concentration of a
chemical species in the ocean, such as for vent fluid-enriched metals like lithium (Edmond et al., 1979), or decrease them, such as
for vent fluid-depleted ions like Mg (Figs. 5 and 6). However, gross chemical fluxes are calculated based on pure endmember fluids
exiting the seafloor, and do not always accurately predict the final impact on ocean geochemistry. Further modifications occur when
heated vent fluids mix with the cold, oxygenated seawater of the deep ocean in hydrothermal plumes. Geochemical processes in this
mixing zone such as precipitation, dissolution, and scavenging can substantially alter net hydrothermal fluxes to/from the ocean.
Moreover, it is becoming increasingly apparent that many of these processes can be biogeochemical. Hydrothermal plumes are
important niches for microbiological activity that can impact geochemical fluxes (Dick et al., 2013) and also act as critical dispersal
agents for vent-fauna larvae (Adams et al., 2012).
Dynamics of hydrothermal plumes

Hydrothermal plumes are defined as the area encompassing the full mixing gradient between pure juvenile vent fluid and pure
ambient seawater. The term “plume” was introduced by Turner (1973) to refer to a feature produced by continuous or steady-state
release of a buoyant fluid. The quantitative dynamics of submarine hydrothermal plumes are summarized in Lupton (1995).

There are two main parts of a hydrothermal plume: the buoyant plume and the neutrally-buoyant (or non-buoyant) plume
(Fig. 8). As heated vent fluid meets seawater, shear flow at the boundary produces vortices that entrain, or engulf, ambient seawater
and mix it with the fluid. This turbulent mixing dilutes the source fluids progressively as the plume rises and facilitates reactions



Fig. 8 Sketch of the key physical processes occurring within a hydrothermal plume including entrainment of ambient seawater into the buoyant plume (inset,
where tn indicates increasing time since initiation of vent fluid efflux), rise to a non-buoyant plume height of zmax and particle settling from both buoyant and
non-buoyant plumes.
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between the vent fluids’ chemical constituents and the evolving seawater as they continue to mix. Plume mixing vortices are readily
visible in the particle-rich columns rising above black smoker hydrothermal vents (Fig. 3).

As it continues to rise, the entrainment of seawater causes the plume to become progressively less buoyant. Eventually, the
density of the buoyant plume becomes equal to that of the ambient seawater and, notwithstanding a local effect known as
momentum overshoot, the plume ceases to rise. Once it reaches its maximum rise height (zmax), the hydrothermal plume begins
to spreads laterally as a neutrally buoyant plume (Fig. 8). The value of zmax is dependent on the initial buoyancy of the vent fluid,
which is primarily a function of the temperature of the vent fluid (hotter fluids are more buoyant), as well as the density
stratification of the oceanic water column into which it is injected. Typical zmax rise heights for black smoker hydrothermal plumes
are 100–400 m above the vent orifice, with the exception of event plumes, which are massive, short-lived plumes that rise up to
1000 m above the seafloor, reflecting transient heat fluxes up to 16 times higher than typical vents (Baker et al., 1989).

The rise velocity of the plume is also related to the density gradient of the ambient seawater, but shows less variability worldwide:
the typical rise time to neutral buoyancy is <1 h. The plume is diluted 100–1000-fold in the first 5–10 m of plume rise, and by the
time it reaches neutral buoyancy (zmax), it has been diluted �10,000-fold (Lupton, 1995).

Once the neutrally buoyant plume begins to spread laterally, its transport is dominated by the local ocean circulation at plume
height. Stommel (1982) famously showed that the geothermal heat carried in the neutrally buoyant plume from the southern East
Pacific Rise causes it to expand several thousand kilometers westward, rather than to the south and east as had been predicted by
numerical models of deep South Pacific circulation at the time. This is also true on more proximal scales. Within deep axial
rift-valleys on slow and ultra-slow ridges, plumes can be subject to topographic steering (German et al., 1998), while even
in situations where plumes rise above the height of confining topography, as happens on faster spreading ridges, advanced
numerical models require knowledge of not just plume temperature (heat content) but also prevailing deep-ocean currents and
the region’s high-resolution bathymetry to predict the full complexity of hydrothermal plume transport (e.g. Xu and Lavelle, 2017;
Xu and German, 2023). Even surface mesoscale eddies have been shown to have an influence on deep ocean hydrothermal plume
transport velocities (Adams et al., 2011), providing further confirmation that the distal transport of neutrally buoyant plumes can
be spatio-temporally complex and, hence, challenging to predict.
Biogeochemical processes in hydrothermal plumes

There have been significant efforts to advance our understanding of the geochemistry of hydrothermal plumes during the last
decade, with the ultimate goal of quantifying the net flux of elements from hydrothermal vents to the ocean. Principal questions
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have included: For which elements are hydrothermal fluids a dominant source to, or sink from, the oceanic inventory? How are
elemental fluxes modified by non-conservative chemical and/or biological reactions? What is the impact of hydrothermal processes
on the global marine carbon cycle? Here, we address these questions directly by first describing how plumes have been traced into
the ocean, then identifying the abiotic solid precipitation reactions that drive the primary non-conservative chemical reactions in
hydrothermal plumes (and the associated scavenging effects of other elements onto those particles), and finally addressing the
linkages between hydrothermal processes and the global marine carbon cycle.

Tracing hydrothermal plumes
The first challenge of studying hydrothermal plumes is to find and track them, since outside of the immediate area of black smokers,
hydrothermal plumes cannot be observed visually. An ideal plume tracer should: (1) behave conservatively (only responding to
mixing/dilution, not chemical/biotic reactions), (2) be easy to measure, ideally in real time such as with an in situ sensor, and
(3) have a hydrothermal signal that is orders of magnitude higher than its signal in background seawater so that it can be tracked far
from the vent site amidst plume dilution. Early plume tracking efforts used sensors either mounted on vehicles or on shipboard
CTD rosettes in a grid or tow-yo formation to search for anomalies in temperature and particle-detecting optical signals (trans-
missometers and backscatter sensors; Lupton, 1995). Sensors detecting changes in seawater oxidation-reduction potential have also
been used to detect plumes (Walker et al., 2007), and hydrothermal salinity anomalies have even been detected from Argo floats in
some instances (e.g., Guieu et al., 2018). However, most sensors detect plumes only relatively close to sources of vent, because their
signals cannot be distinguished from background at factors far beyond �102–104 fold dilution with ambient seawater.

Chemical tracers have the advantage of larger gradients between hydrothermal fluids and seawater, making them more sensitive
in distal dilute plumes. However, their disadvantage is that they cannot be measured in real time. The most unambiguous chemical
tracer of hydrothermal plumes is helium-3 (3He) because primordial helium was trapped within the Earth’s interior at an early stage
of planetary formation and has only slowly been released to the deep ocean ever since, through magmatic processes. In the
atmosphere, 3He is sufficiently low in mass that it can be lost to space unlike its heavier isotope (formed primarily from alpha-
radiation) 4He. Thus, mantle helium is much more concentrated in 3He than oceanic and atmospheric helium, making 3He an
extremely sensitive tracer of hydrothermal sources and plumes. One of the original and most famous examples of using 3He to track
hydrothermal plumes occurred in the South Pacific, where a 3He plume was observed to disperse >2000 km to the west of the
southern East Pacific Rise (Lupton and Craig, 1981). Since then, 3He has been used to trace hydrothermal plumes across numerous
ocean basins (e.g. Lupton, 1998), and within the past decade a global database of helium isotope ratios has been published (Jenkins
et al., 2019).

As a noble gas, helium behaves conservatively in the ocean, making it even more of an ideal conservative plume tracer. This
means, it can not only be used to identify plumes but also to normalize other elements to, to account for non-conservative behavior
within coherent hydrothermal plumes. For example, normalization to 3He has been used to determine the presence or absence of
conservative metal behavior in distal hydrothermal plumes (see Section “Biogeochemical linkages between hydrothermal processes
and the marine carbon cycle” below). It must be noted that the pseudo-conservative behavior of dissolved Mn over short time- and
length-scales in some hydrothermal plumes has allowed that to be used as a quasi-conservative tracer under certain conditions as
well (Field and Sherrell, 2000; Lough et al., 2023), but the long-term non-conservative behavior of hydrothermal Mn limits this
approach (Gartman and Findlay, 2020). Radioactive isotopes of both conservative and non-conservative plume tracers, such as
222Rn (Kadko et al., 1990; Rudnicki and Elderfield, 1992), 227Ac (Kipp et al., 2015), and radium isotopes (Kipp et al., 2018;
Neuholz et al., 2020) have all been used to calculate ages at different points within hydrothermal plumes. Of these, radium isotopes
have recently been shown to be particularly useful in differentiating between the chemical influences of diffuse flow and
higher-temperature focused venting (Neuholz et al., 2020).

Iron and manganese precipitation reactions in hydrothermal plumes
Even before hydrothermal vents were discovered, it was known from studies of altered basalts (Humphris and Thompson, 1978)
and experiments mixing seawater with basalt at high temperature and pressure (Mottl et al., 1979) that chemically reduced species
such as Fe(II), Mn(II), and sulfide should be highly enriched in mafic-hosted hydrothermal fluids. Those early studies found that at
the high temperatures of subseafloor venting (200–500 �C), Fe(II) and Mn(II) are released from basalt into aqueous hydrothermal
fluids: a flux stabilized by the low pH resulting from H+ release during the subseafloor transformation of seawater Mg2+ into
secondary alteration minerals. The presence of ferrous Fe(II) in vent fluids is especially important because it quickly consumes
dissolved oxygen, leaving vent fluids anoxic. Additionally, Fe(II) reduces seawater sulfate into sulfide, adding to the high
temperature mafic sulfide flux that is otherwise limited to the concentrations of sulfate in downwelling water feeding the host
hydrothermal system. Indeed, dissolved Fe, Mn, and sulfide are some of the most concentrated species in high-temperature
hydrothermal fluids, and their vent fluid concentrations (mM) can be enriched by more than a million times over their open
ocean concentrations (sub nM).

The abundance of these reduced Fe, Mn, and S species in hydrothermal fluids is important because, once they meet the low
temperatures and oxidizing conditions of seawater, they spontaneously and abiotically precipitate solids that build hydrothermal
chimney structures and turn the discharging fluid black.. Chemically, Fe(II) is highly soluble in the absence of oxygen, especially at
low pH, while its oxidized counterpart Fe(III) is most stable as oxidized Fe(III) oxyhydroxide solids in oxic seawater (Millero et al.,
1987). Similarly, abiotic sulfide oxidation by oxygen and its radicals is kinetically favorable, especially in the presence of Fe or Mn
oxides (Luther et al., 2011).
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Thus, when reducing vent fluids mix with ambient seawater in a buoyant hydrothermal plume, a two-step non-conservative
reaction series is initiated that results in an abundance of solid precipitates (Mottl and McConachy, 1990). First, the instantaneous
cooling of the vent fluid from>300 �C to�30 �C results in the precipitation of a range of Fe sulfides (note that Mn does not readily
precipitate sulfide minerals). Though hydrothermal chimney formation is initiated by anhydrite formation when seawater sulfate
meets the high temperature fluids (Haymon, 1983), the metal sulfide solids formed from vent-fluid quenching eventually replace
the anhydrite, resulting in the canonical sulfide-rich chimney structures of hydrothermal vents with concentric outer layers of Fe/Cu/
Zn sulfides including pyrite, chalcopyrite, sphalerite, and pyrrhotite. These non-conservative FedS precipitation reactions can occur
sub-seafloor, if cold seawater is entrained locally, or above the seafloor within the buoyant hydrothermal plume once fluids exit
the seafloor.

The second step of the principal non-conservative buoyant plume reactions occurs when entrainment of oxic seawater initiates
redox reactions that rapidly oxidize Fe(II) to Fe(III), as well as sulfide to a range of intermediate mixed sulfur products including
sulfate. Then, the low solubility of the oxidized Fe(III)(aq) following Fe(II) oxidation (Millero, 1998) initiates the precipitation of
Fe oxyhydroxide solids that can also dominate the plume. The vent fluid’s Fe:S ratio can be used as a guide for how much FedS
precipitate can form prior to Fe(II) oxidation (Gartman et al., 2014; Gartman and Findlay, 2020), though it is not the only control
on the balance of FedS vs. Fe oxyhydroxide precipitates, as sulfide undergoes its own oxidation reaction series independent from Fe
(Mottl and McConachy, 1990). Iron isotope studies of hydrothermal systems, especially those combined with sulfur isotopes, have
proven very useful in constraining the extent of Fe precipitation with sulfides above and below the seafloor (Severmann et al., 2004;
Rouxel et al., 2008).

Once the Fe precipitates as a sufficiently large particle, it is removed from the ocean via gravitational settling to form
metalliferous sediments (Fig. 2). This is important for two reasons. First, aggregative removal of hydrothermal Fe to the sediments
effectively reduces the net flux of dissolved Fe to the oceanic inventory, with biogeochemical implications (see Section “Biogeo-
chemical linkages between hydrothermal processes and the marine carbon cycle” below). Second, settled Fe and Mn particles can
also transport a host of other scavenged metals to the underlying sediments (see Section “Hydrothermal plume scavenging” below).
As a result, the partitioning of Fe in hydrothermal plumes into dissolved and particulate size fractions is critical for calculating net
hydrothermal fluxes for a range of elements; this partitioning is determined in large part by the Fe(II) oxidation rate (Gartman and
Findlay, 2020). Field and Sherrell (2000) first predicted that the oxidation rate for Fe(II) in hydrothermal plumes should decrease
along the path of oceanic overturning circulation, reflecting the progressively decreasing pH and dissolved oxygen content of older
deep waters (Fig. 9). This pattern has borne true with observed Fe(II) half lives of 2–3 min in the North Atlantic Ocean (Rudnicki
and Elderfield, 1993) and�2 h in the older Central Indian Ridge (Statham et al., 2005). However, recent detailed measurements of
hydrothermal Fe(II) lifetimes do show some shorter and longer lifetimes than kinetically-predicted, and these have been attributed
to the influence of ligand chelation and colloids (González-Santana et al., 2021; Wang et al., 2012). Over the last decade, Fe isotopic
measurements of dissolved and particulate Fe in vent fluids and hydrothermal plumes have proven extremely useful for mapping
Fe(II) sulfide formation and precipitation, as well as the extent of Fe(II) oxidation and subsequent loss by aggregative precipitation
as Fe oxyhydroxides (Rouxel et al., 2008, 2018; Bennett et al., 2009; Klar et al., 2017; Lough et al., 2017; Fitzsimmons and
Conway, 2023).

Finally, dissolved Mn(II) is also often enriched over seawater concentrations by >106 in hydrothermal fluids, but unlike Fe(II)
and sulfide its abiotic oxidation by dissolved oxygen is kinetically inhibited (Nealson et al., 1988). Nonetheless, Mn(II) can be
oxidized in hydrothermal plumes to form MnO2(s) and Mn-oxyhydroxide particles either abiotically, via catalytic oxidation
accelerated by adsorption onto mineral surfaces, particularly Fe oxyhydroxides (Davies and Morgan, 1989), or through biotic
(bacterial) oxidation (Tebo et al., 2004). These Mn oxide solids also serve as elemental scavenging sites (see Section “Hydrothermal
plume scavenging” below), though the trajectories of Fe and Mn oxides in hydrothermal plumes are decoupled (Fitzsimmons et al.,
2017). Importantly, since the oxidation of Mn(II) occurs in one-electron steps (Luther, 2005), Mn(III) is formed as an intermediate
that can be stabilized by organic ligands in solution and has been found to compose up to 64% of the dissolved Mn in
hydrothermal plumes (Thibault de Chanvalon et al., 2023).

Hydrothermal plume scavenging
The importance of Fe and Mn precipitation reactions in hydrothermal plumes is due partly to their oxides serving as the dominant
chemical “scavengers of the sea” (Goldberg, 1954). Chemical scavenging is defined here as any process that moves elements from
the dissolved to the particulate phase, whereupon gravity then removes the particles from the oceanic inventory to underlying
sediments. Scavenging in hydrothermal plumes involves four potential processes: (i) co-precipitation, which is the incorporation of
other elements into the mineral during the solid precipitation reaction; (ii) adsorption, which is the (sometimes reversible) process
whereby elements attach onto the surfaces of particles; (iii) aggregation, which is the agglomeration of many nanoparticles into
larger particles of sufficient size to experience gravitational settling; and (iv) biological uptake into cells of particulate size.
Importantly, Fe and Mn oxide authigenic particles, formed as described in Section “Iron and manganese precipitation reactions
in hydrothermal plumes” above, facilitate significant scavenging of other elements and are considered to have highly reactive
surfaces. As a result, the formation, scavenging, and subsequent settling of Fe and Mn (oxyhydr)oxides can have a major impact on
the net hydrothermal impact on the oceanic inventories of other elements.

Different elements in seawater have unique reactivities to Fe and/or Mn oxyhydroxides, depending on their chemistry, and thus
the distribution of hydrothermal Fe and/or Mn oxyhydroxides formed in plumes has differential effects on the net fluxes of elements
to the ocean. The various scavenging behaviors of different elements can be organized into three main categories, based on the



Fig. 9 Fe(II) oxidation half-lives are re-calculated here from Field and Sherrell (2000) at different hydrothermal vent sites across the global ocean, based on Fe(II)
oxidation rate laws established by Millero et al. (1987) and updated by Magdalena Santana-Casiano et al. (2005) and González-Santana et al. (2021). Importantly, as
deep waters age and accumulate remineralized products from cumulative respiration from the North Atlantic to the North Pacific over meridional overturning
circulation, their pH and oxygen concentrations both decrease, which extends the lifetime of Fe(II). Since the extent of Fe(II) oxidation of vent fluid Fe sets an
important boundary between “near-field” and “far-field” hydrothermal systems (Gartman and Findlay, 2020), the spatial extent of these redox boundaries would
change between vent systems in the North Atlantic and Pacific Oceans.
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relationship between their particulate metal concentrations compared to particulate Fe concentrations in hydrothermal plumes
(German et al., 1991a). The first group is the “chalcophilic” (sulfur-loving) elements, including copper, zinc, and lead, whose
particulate concentrations have a curved downward relationship relative to particulate Fe in plumes (Fig. 10, top). These soft metals
co-precipitate with Fe sulfides that form in the buoyant plume and thus are net removed from seawater. Across the open ocean,
Boyle et al. (2020) have showed that even though Pb concentrations are extremely high within East Pacific Rise vent fluids,
representing a gross source flux to seawater, the removal of Pb by scavenging onto Fe sulfides in the Southern East Pacific Rise
hydrothermal plume is so significant that only 1% of the basaltic Pb isotope signature can be identified. Overall, oceanic dissolved
Pb is removed to lower-than-background concentrations by scavenging onto ferromanganese hydrothermal particles. In contrast,
even though chalcophilic zinc co-precipitates with sulfides and can form sulfide minerals of its own such as sphalerite, the
concentration of zinc in hydrothermal plumes can sometimes exceed that of background seawater (Roshan et al., 2016; John
et al., 2018), indicating that there is a complex balance of vent fluid sources vs. hydrothermal plume sinks that sets the net flux of
chalcophile metals to the ocean inventory.

The second group of hydrothermally scavenged elements are interesting because their particulate concentrations have linear,
fixed relationships with particulate Fe in hydrothermal plumes, independent of dilution or distance downstream of the vent site
(Fig. 10, center). These elements include phosphorus, vanadium, arsenic, and uranium, all of which form oxyanions in seawater
(PO4

3−, VO4
3−, HAsO4

2−, and UO2(CO3)3
4−). These elements are not particularly enriched in hydrothermal fluids, but they are net

removed from seawater onto freshly formed, sinking iron oxyhydroxide particles in hydrothermal plumes. A particular example of



Fig. 10 Three behaviors characterize the scavenging of elements in hydrothermal plumes, identified based on plots of particulate metal concentrations
versus particulate Fe for suspended particulate material filtered in situ from the TAG hydrothermal mound, Mid-Atlantic Ridge, 26�N (data replotted from
German et al., 1991a). Top: Particulate Cu represents chalcophilic elements that co-precipitate with Fe as sulfide phases and then settle to the seafloor. Middle:
Particulate V represents the oxyanions that co-precipitate with Fe oxide phases in hydrothermal plumes. Bottom: Particulate Nd represents surface-reactive
elements that adsorb to the surfaces of ferromanganese oxides.
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this is the removal of dissolved phosphate from hydrothermal plumes that has been noted for decades (Feely et al., 1990).
Additionally, even though vanadium can be enriched in vent fluids, dissolved vanadium is overwhelmingly removed from seawater
by coprecipitation into ferromanganese oxyhydroxides in hydrothermal plumes (Trefry and Metz, 1989; German et al., 1991a; Ho
et al., 2018).

The third group of elements scavenged from hydrothermal plumes are the particle reactive elements beryllium, thorium,
protactinium, and the rare earth elements (REEs), which present upward curved relationships relative to particulate Fe in
hydrothermal plumes (Fig. 10, bottom). These elements undergo surface adsorption onto Fe andMn oxyhydroxide particle surfaces,
with the highest metal/Fe ratios observed farthest from the plume, due either to kinetic controls as hydrothermal particles continue
to adsorb these metals downstream (German et al., 1990) or thermodynamic control as particulate Fe concentrations decrease
downstream (Sherrell et al., 1999). Importantly, based on their points of zero charge (Stumm and Morgan, 1996), amorphous Fe
oxyhydroxide surfaces have near neutral or slightly positively charged surfaces, while most Mn oxide minerals have negatively
charged surfaces. These surface charges control which elements adsorb to the surfaces of Fe vs. Mn oxide particles, because various
elements form either positively or negatively charged aqueous complexes at seawater pH (Byrne, 2002) that are differentially
attracted to the positive or negatively charged particle surfaces. The resulting elemental scavenging patterns have been well
characterized for ferromanganese crusts (Koschinsky and Hein, 2003), with implications for closely related authigenic Fe and Mn
oxyhydroxide particles. This is important because particulate Fe and Mn have been shown to be spatially decoupled in hydrother-
mal plumes (Fitzsimmons et al., 2017), and thus the scavenging impact on different elements binding to one particle type or the
other could become similarly decoupled in space. Dissolved thorium, protactinium, and the REEs have all been shown to be
progressively removed from hydrothermal plumes with increasing distance from their vent source (German et al., 1990, 1991a,b;
Stichel et al., 2018; Pavia et al., 2018, 2019). In conclusion, regardless of whether subseafloor hydrothermal reactions enrich
elements in vent fluids, hydrothermal systems can sometimes act as a net sink of those same elements from the ocean due to
scavenging onto authigenic ferromanganese particles in hydrothermal plumes.

Biogeochemical linkages between hydrothermal processes and the marine carbon cycle
We have described, above, how cumulative hydrothermal processes (subseafloor and within hydrothermal plumes) serve to modify
net chemical fluxes to the ocean. Accordingly, it is important to understand what impact such cumulative hydrothermal processes
might have on the global marine carbon cycle.

The most obvious impact is the potential for a direct, gross flux of organic carbon to or from the ocean. As discussed above, the
few high-temperature vent fluids that have been analyzed appropriately have been found to be depleted in dissolved organic carbon
(Lang et al., 2006), representing a global sink of refractory dissolved organic compounds (Hawkes et al., 2015; Shah Walter et al.,
2018). In contrast, low-temperature diffuse flow fluids are enriched in dissolved organic carbon, associated with elevated microbial
biomass in the same fluids (Lang et al., 2006). Indeed, the unique elemental fluxes from vent fluids fuel a vast ecosystem at and
beneath the seafloor, and within overlying hydrothermal plumes, via extensive chemosynthetic primary production involving a
diverse array of microbes (Huber et al., 2002; Sylvan et al., 2012; Dick et al., 2013; Cohen et al., 2021). In the past decade, it has
been estimated that 10–33% of all particulate organic carbon sequestered from the abyssal ocean to the seafloor, worldwide, may
have originated in hydrothermal plumes (German et al., 2015), revealing a direct coupling between hydrothermal processes and
deep ocean organic carbon inventories (Fig. 11).
Fig. 11 Schematic of processes associated with three sources of fluids to buoyant hydrothermal plumes: focused vent flow into the buoyant plume, diffuse vent
flow (which can be entrained into the buoyant plume), and seawater (which is assumed to be entrained into and dilute the buoyant plume). Extensive precipitation of
polymetallic sulfides occurs as the temperature drops and oxygen rises in the buoyant plume, resulting in an important settling flux of metalliferous sediments
immediately around the vent orifice. However, Fe and carbon chemistry are linked in the hydrothermal plume. Organic carbon complexes with both dissolved and
particulate Fe phases in the hydrothermal plume. Reversible scavenging and settling of metalliferous particles is thus regulated by this organic carbon complexation,
while particulate organic carbon from the plume itself also rains out to the sediments beneath hydrothermal plumes. Figure from German et al. (2015).
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However, hydrothermal processes may also have an upper ocean impact on the marine carbon cycle via the fertilization of
surface ocean photosynthetic primary production. It is well established that photosynthetic organisms carry a high biochemical
requirement for the micronutrient Fe (Twining and Baines, 2013; Morel et al., 2014). Due to this high cellular Fe requirement,
combined with the low solubility of Fe in seawater (Liu and Millero, 2002), photosynthetic primary production in vast portions of
the global surface ocean is limited by insufficient availability of the micronutrient Fe, an idea originally termed the ‘Iron Hypothesis’
(Martin and Fitzwater, 1988; Martin, 1990). These Fe-limited regions, termed High-Nutrient Low-Chlorophyll (HNLC) zones,
include the subarctic and equatorial Pacific and the Southern Ocean and account for up to 40% of the surface ocean’s area,
according to global biogeochemical models (Moore et al., 2002). Thus, understanding which sources of Fe to the ocean effectively
fertilize this photosynthetic primary production is critical to understanding global carbon sequestration on both modern and
glacial-interglacial timescales (Tagliabue et al., 2014; Sigman and Boyle, 2000).

Throughout the 1990s as the Iron Hypothesis gained traction, hydrothermally-derived Fe was thought to precipitate quantita-
tively, effectively removing the entirety of its massive gross flux to metalliferous sediments (German et al., 1991a). As a result, early
iron biogeochemical models did not consider hydrothermal vents to be a biogeochemically-significant flux of Fe. However, as new,
high-quality dissolved Fe data began to accumulate, after the turn of the millennium, similarities between Fe and 3He profile shapes
in far-field hydrothermal plumes introduced the possibility that a fraction of hydrothermal Fe could be stabilized against
precipitation to persist as a net source to the oceanic dissolved Fe inventory (Wu et al., 2011; Fitzsimmons et al., 2014). This
hypothesis was termed the “Leaky Vent Hypothesis” (Toner et al., 2012). In an influential early study, biogeochemical modeling
was used to predict that hydrothermal Fe could supply sufficient dissolved Fe to fertilize photosynthesis in Southern Ocean surface
waters, significantly increasing carbon export there compared to non-hydrothermal simulations (Tagliabue et al., 2010). This led to
significant interest in hydrothermal processes as a potentially significant and important source flux of bioavailable Fe to the ocean.

The international GEOTRACES Program (SCOR Working Group, 2007), which is focused on identifying the processes and
quantifying the fluxes controlling the distributions of trace elements and isotopes throughout Earth’s oceans, has made significant
strides in understanding the role of hydrothermal Fe in surface ocean fertilization and carbon export. First, the international
GEOTRACES sections have provided global evidence that hydrothermal Fe is preserved in the dissolved phase of
distally-transported hydrothermal plumes – in the North Atlantic (Fitzsimmons et al., 2015a; Hatta et al., 2015; Lough et al.,
2023), South Atlantic (Saito et al., 2013), Pacific (Resing et al., 2015; Fitzsimmons et al., 2017; Jenkins et al., 2020), Arctic (Klunder
et al., 2012; Gerringa et al., 2021), Indian (Nishioka et al., 2013), and Southern Oceans (Klunder et al., 2011; Sieber et al., 2021).
It has become clear, from these studies, that there is a net export flux of Fe from hydrothermal systems into the deep ocean. The
GEOTRACES GP16 transect (Moffett and German, 2018) specifically targeted the >4000 km-long hydrothermal plume emanating
from the Southern East Pacific Rise (Resing et al., 2015; Fitzsimmons et al., 2017) and produced the now-canonical images of distal
transport of dissolved and particulate Fe and Mn in hydrothermal plumes (Fig. 12).

Two mechanisms have been proposed for how this hydrothermally-sourced Fe may be protected against precipitation and
maintained in some dissolved form (Fig. 11). The first is that the Fe does precipitate but only at the nanoparticulate scale, which falls
within the operationally-defined dissolved size fraction. For example, pyrite nanoparticles are known to form in hydrothermal
fluids (Yucel et al., 2011; Gartman et al., 2014; Findlay et al., 2019). Their small size prevents them from sinking, although it is clear
from recent electron microscopy imaging that hydrothermal Fe oxyhydroxide nanoparticles do aggregate into larger-sized particles
that settle within the plume (Hoffman et al., 2020), perhaps facilitated by entrained organic carbon (Hoffman et al., 2018). The
second potential mechanism is that organic ligands chelate the Fe, effectively protecting the Fe against solid precipitation (Bennett
et al., 2008; Sander and Koschinsky, 2011). Cathodic stripping voltammetry methods have been used to analyze hydrothermal
plume Fe, both in the forward competitive ligand exchange mode (Bennett et al., 2008; Buck et al., 2018) and in the reverse titration
mode (Hawkes et al., 2013). While these methods cannot distinguish nanoparticulate minerals from Fe bound to strong organic
ligands, an excess of organic ligands is observed in distal hydrothermal plumes, suggesting that at least some hydrothermal organic
ligand source must exist, potentially derived from lower-temperature diffuse flow fluids known to produce dissolved organic carbon
and/or the microbes associated with hydrothermal plumes (Li et al., 2014).

Thus, current research into the role of hydrothermal Fe in surface ocean carbon sequestration is focused on (1) determining the
speciation of dissolved Fe in hydrothermal plumes and (2) predicting or measuring the lifetimes of different dissolved Fe species in
seawater against their natural abiotic scavenging lifetimes, which would remove the Fe from the ocean to the sediments. New
methods continue to be applied to the first question, including novel siderophore detection methods (Hoffman et al., 2020;
Monreal et al., 2021) and Fe isotope approaches that can be modeled to distinguish nanoparticulate from organically-chelated
hydrothermal Fe (Steffen et al., 2024). In addition, global biogeochemical Fe models have significantly advanced the residence time
question by parameterizing hydrothermal Fe fluxes into Fe biogeochemical models and calculating their impact on carbon
sequestration (Resing et al., 2015; Tagliabue and Resing, 2016). These modeling efforts have shown, for example, that although
the SEPR flux of dissolved Fe is large (Fig. 12), most of it gets trapped in the deep Pacific Ocean, while only �1% of it reaches the
surface ocean (Roshan et al., 2020). When extrapolated globally, the greatest biogeochemical impact of vent Fe fluxes arises from
vents with the shortest transit times to surface waters, including both shallow vents and vents within the Southern Ocean (Tagliabue
and Resing, 2016; Roshan et al., 2020). Several recent efforts have shown that shallow hydrothermal and volcanic Fe fluxes can,
indeed, stimulate phytoplankton blooms in Fe-limited regions such as the Western Tropical South Pacific and the Southern Ocean
(Guieu et al., 2018; Bonnet et al., 2023). There has also been renewed interest in the fate of dissolved Fe from shallow intraplate
vents (Fitzsimmons et al., 2015b; German et al., 2020; Jenkins et al., 2020). Finally, recent work has identified five major
topographic features in the southern ocean that greatly enhance localized upwelling (Tamsitt et al., 2017). At two of these locations,



Fig. 12 A major hydrothermal plume sourced close to 15�S on the superfast-spreading East Pacific Rise extends westward for >4000 km across the South
Pacific basin (a) to at least 150�W, due north of Tahiti, based on results from the U.S. GEOTRACES GP16 East Pacific Zonal Transect (Resing et al., 2015;
Fitzsimmons et al., 2017). This plume was identified based on its excess 3He (xs He-3) concentrations (b), but it also carries dissolved Fe and Mn along its length (c
and d), as well as particulate Fe and Mn (e and f ). This section has been used to show the critical decoupling of Fe and Mn phases along the plume trajectory due to
reversible scavenging of Fe onto sinking particles, with implications for many other trace elements and isotopes that bind onto the surfaces of the hydrothermal
ferromanganese oxide particles.
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in the Indian Ocean, the associated upwelling has since been recognized to facilitate hydrothermal Fe fertilization of anemic
Southern Ocean phytoplankton communities (Ardyna et al., 2019). This places a major focus of future work on Southern Ocean
hydrothermal vents, not least along the largely unexplored Pacific-Antarctic Ridge (Beaulieu et al., 2015).

In summary, it is clear that hydrothermal processes have both direct and indirect impacts on the global carbon cycle, although
the full extent of these processes remains to be quantified. Modern advancements in interdisciplinary techniques have facilitated a
crescendo of both field-based and modeling-based research that have revealed and will likely continue to highlight the impact of
these unique biogeochemical systems on oceanic carbon sequestration.
Future research directions

The field of seafloor hydrothermal research continues to yield surprising results at scales that range from individual vent-sites to
entire ocean basins and even to other planetary bodies. In this final section we focus on two novel areas of research that we
anticipate could prove particularly fruitful in the decade ahead.
The biogeochemical significance of low-temperature axial venting

Implicit in previous editions of the Treatise of Geochemistry, was an assumption that high temperature venting at ridge axes
represented the dominant source of hydrothermal chemical fluxes to the oceans (German and Von Damm, 2004; German and
Seyfried, 2014). This argument appeared only to be strengthened in the past decade, with the advent of the international
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GEOTRACES program. Results from that program allowed us to deduce that (i) hydrothermally sourced trace elements and isotopes
(TEIs) are dispersed over long distances in every ocean basin (German et al., 2016b); (ii) enrichments in particulate as well as
dissolved TEIs in hydrothermal plumes can be traced across entire ocean basins (Fitzsimmons et al., 2017); and (iii) hydrothermally
sourced Fe can persist far enough to be upwelled into HNLC waters to fuel high-latitude primary productivity with a concomitant
draw-down of atmospheric CO2 (Resing et al., 2015; Ardyna et al., 2019; Jenkins et al., 2020). Contemporaneously, a first detailed
geochemical study of a cool hydrothermal system (CHS) on an un-sedimented ridge-flank revealed that for many species, CHS
fluids exhibit compositions that are largely indistinguishable from their seawater progenitors (Wheat et al., 2017). Thus, while large
fluxes of water and heat through ridge-flank circulation may not necessarily impact global-scale budgets, on-axis sources do provide
significant export fluxes of trace elements and isotopes to the oceans.

Since the 2nd edition of the Treatise of Geochemistry (German and Seyfried, 2014) was published, however, technological
advances in exploration strategies and in situ sensing have led to the realization that low-temperature hydrothermal systems along
medium and fast-spreading ridges are far more numerous than high temperature systems (Baker et al., 2016; Chen et al., 2020).
To date, however, studies of the biogeochemical significance of these systems remain in their infancy. Further, these phenomena
have been identified to date only from surveys in the Pacific Ocean, along medium- to super-fast spreading ridges.

On-axis, low-temperature flow - whether or not it is associated with high temperature fields - might be more important as a
source of chemical fluxes to the ocean than has previously been appreciated. Historically, our understanding of low-temperature
hydrothermal fluxes associated with black-smoker vents was limited to a few site-specific studies on the Juan de Fuca Ridge, leading
to estimates that as much as 90% of fluids heated to �350 �C during high temperature ridge-axis circulation might exit the seafloor
at much lower temperatures after mixing with seawater in the shallow subsurface (Schultz and Elderfield, 1997). Interest in what the
biogeochemical impact of such flow might be was only renewed by SCOR WG 135 in the past decade, however, in the context of
how organic complexation, linked to diffuse flow, might facilitate long-range transport of Fe to the ocean (German et al., 2015).
That study compared global-scale estimates of hydrothermal Fe fluxes with what could be constrained from the EPR 9�500N
hydrothermal field and generated a surprising prediction: that�90% of hydrothermally-sourced Fe dispersed through non-buoyant
hydrothermal plumes worldwide may have been sourced from low-temperature on-axis vent-fluxes rather than from black smokers.
Subsequently, Baker et al. (2016) and Chen et al. (2020) have used results from dedicated surveys close to the seafloor along
mid-ocean ridges to detect evidence of low-temperature flow that is independent of high-temperature venting, using in situ
oxidation/reduction probes. When compared to estimates made from conventional “tow-yo” surveys that prospect for
particle-rich non-buoyant hydrothermal plumes arising from black smoker activity (Baker et al., 1995), these new studies have
revealed that low temperature flow-sites, which emit fluids out of chemical (redox) equilibrium from the overlying water column,
may be far more numerous than high-temperature vents. How significant might the biogeochemical fluxes from this
lower-temperature on-axis flux be?

To address this, we recommend an approach that would seek to determine both the integrated fluxes and the partitioning of
those fluxes across an entire vent-field. As discussed in the previous edition of this chapter, a first attempt to evaluate export fluxes
from a single vent-site to the oceans at the Rainbow hydrothermal field sought to exploit the dispersion of a non-buoyant
hydrothermal plume, restricted within the confines of the rift-valley of the Mid-Atlantic Ridge, in a region of monotonous
uni-directional crossflow. In that study, it was assumed that all hydrothermal flux of geochemical significance was channeled
through neutrally buoyant hydrothermal plumes that were analyzed no more than 5–10 km downstream from their source
(German et al., 2010). What we now appreciate, thanks to the advances achieved through the GEOTRACES program, is that such
an approach was flawed in two ways. First, the past decade has revealed that important processes that regulate the net flux from
hydrothermal venting within dispersing non-buoyant plumes may occur over length scales greater than just 5–10 km (perhaps up to
100 km?) downstream from their source (Fitzsimmons et al., 2017). Second, it is no longer a safe assumption that geochemical
fluxes from the seafloor – at mid-ocean ridges or in other settings – are dominated by high-temperature hydrothermal venting, nor
that all outputs from low-temperature on-axis venting are entrained into neutrally buoyant hydrothermal plumes (Baker et al.,
2016; Chen et al., 2020).

For this reason, it is now more compelling than ever that a new class of integrated hydrothermal flux studies be pursued.
Sophisticated technological capabilities have now been developed with which we could undertake systematic mapping and
characterization to locate all different forms of seafloor fluid flow at the scale of an individual hydrothermally active ridge segment
or seamount (e.g. using the AUV Sentry), and then to conduct targeted sampling of those systems, using novel and dedicated
deepwater robots such as the CLIO vehicle (Breier et al., 2020), in concert with established CTD-rosette approaches to conduct
detailed biogeochemical process studies (Fig. 13). Further, if we were to implement such a program embedded within the long-term
infrastructure afforded by modern seafloor observatories, we could combine such comprehensive biogeochemical sampling and
analyses with state-of-the-art physical oceanographic modeling (e.g. Xu and Lavelle, 2017; Xu and German, 2023) to constrain what
the integrated fluxes might be from hydrothermal systems in diverse geological settings, to global ocean biogeochemistry.
Exploring for seafloor hydrothermal venting (and life?) beyond Earth

Perhaps the most surprising of all the remarkable discoveries in the field of submarine hydrothermal processes over the past decade
were not made in Earth’s oceans at all, but on Enceladus, a tiny moon of Saturn, as part of NASA’s Cassini mission (Schenk et al.,
2018). At Enceladus’ south pole, geysers of frozen ice issue from four major fissures in that planet’s geologically-young ice-shell,
from what is believed to be a global-scale underlying ocean (Porco et al., 2014; Thomas et al., 2016). Over the past decade, a series



Fig. 13 Schematic of techniques for investigating biogeochemical processes associated with seafloor hydrothermal systems. A CTD-rosette, lowered via cable
from a research ship (as shown at center right) has been a mainstay of hydrothermal plume investigations for decades. More recently, increasing attention has
turned to the potential use of advanced autonomous vehicles. Two examples illustrated here are the Sentry AUV and the CLIO system. Sentry can be
pre-programmed to fly at non-buoyant plume height, to map out lateral anomalies using in situ sensing, and to collect discrete samples for biogeochemical analyses
within dispersing non-buoyant plumes (�100 m altitude). Sentry can also fly close above the seafloor (�5 m altitude) to identify where locales of lower-temperature
flow, out of chemical (redox) equilibrium with the surrounding ocean, are situated. However, Sentry cannot loiter so close to the seafloor without risk in such
hazardous terrain, and neither can CTD-rosettes safely be lowered so close to the seabed from thousands of meters above. Instead, sampling of this low
temperature flow is best pursued using the new CLIO vehicle in terrain-following mode, which will allow it to loiter close above the seafloor and activate its sampling
devices whenever triggered by the detection of in situ thermal�redox anomalies from its sensors.
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of studies using data from in situ instruments that were mounted onboard the Cassini spacecraft, have investigated both the jets of
frozen ocean water emitted into those geyser-plumes and the frozen ice-particles transported further, into Saturn’s E-ring. First,
Hsu et al. (2015) identified frozen silica nanoparticles in Saturn’s E-ring that they attributed to the presence of some form of
submarine venting at Enceladus’ seafloor, at temperatures close to 100 �C. Later, during one of Cassini’s last “Extended Mission”
flybys, it was determined that Enceladus’ plumes also contained co-existing H2, CO2, and CH4, providing evidence that Enceladus
might host ultramafic-influenced hydrothermal activity akin tomodern forms of submarine venting that had only just been discovered
on Earth (Seewald, 2017; Waite et al., 2017). Importantly, these novel sites of venting in Earth’s oceans – the nearest analogs to
Enceladus’ inferred hydrothermal activity – have now been shown to have the capacity to host abiotic organic synthesis (Lang et al.,
2010; McDermott et al., 2015). This was not known to be possible on Earth at the time that the Cassini mission was launched into
space in 1997! With the even more recent determination that Enceladus’ plumes also contain abundant organic molecules (Postberg
et al., 2018), it now seems clear that Enceladus may not only be habitable but, potentially, inhabited (Cable et al., 2021).

In recognition of these exciting discoveries, the National Academies’ recent decadal report to NASA for Planetary Sciences and
Astrobiology (NASEM, 2022) has recommended that newmissions be pursued urgently, at the New Frontiers and/or Flagship level,
to investigate whether submarine venting and associated chemosynthesis could be hosting life on ocean worlds beyond Earth – for
example through the Enceladus Orbi-Lander mission concept (MacKenzie et al., 2021, 2022). Separately, four of the five moons of
Uranus – designated targets of the complementary Uranus Orbiter and Probe mission concept – have also now been shown to be
putative ocean worlds (Castillo-Rogez et al., 2023). Even before development of such missions can begin, however, analyses of
complementary data from the Jupiter system have revealed that one of its ocean world moons, Europa (which also hosts a rocky
seafloor) may also be emitting geysers of frozen ocean water, similar to Enceladus (Roth et al., 2014; Sparks et al., 2016; Jia et al.,
2018). This is potentially even more exciting, if true, because NASA’s Flagship Europa Clipper mission is scheduled for launch in
October 2024 and will conduct multiple fly-pasts of Europa to assess its habitability during the decade ahead. If plumes are located
there, the Europa Clipper mission could be extended to intercept and analyze them. To close, therefore, it is interesting to reflect that
perhaps the most profound question that submarine hydrothermal research can help us prepare to answer in the coming decades
might be:Does submarine venting exist on other ocean worlds and, assuming so, do any of those sites host life beyond Earth, right here in
our own solar system?
Summary and outlook

Less than 50 years since their first discovery, hydrothermal vents have been located and sampled in every ocean basin on Earth, from
the Arctic to the Southern Ocean. Continuing exploration has revealed an ever-expanding diversity of geological regimes under
which hydrothermal circulation can arise and this requires continuous re-evaluation of the impacts that submarine venting might
have on marine biogeochemistry from the local to global scale. One paradigm-shifting discovery from the past decade has been that
ultramafic-hosted hydrothermal systems can release fluids rich in dissolved hydrogen, which leads to de novo abiotic organic
synthesis and can feed diverse, energy-rich microbial ecosystems at and beneath the seafloor. This and related discoveries have
facilitated a renaissance of exploration into the organic geochemistry of hydrothermal systems. A second major discovery in the past



Fig. 14 In remembrance. Left: Dr. Harry Elderfield (1943–2016). Center: Dr. Jan Amend (1964–2024). Right: Dr. Diane Poehls Adams (1979–2017).
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decade has been the role that hydrothermal plumes play in modifying chemical fluxes from hydrothermal vents to the open ocean.
For example, iron released into hydrothermal plumes can be dispersed across entire ocean basins and, potentially, persist over long
enough time scales to upwell to the surface ocean at high latitudes where it could, as an essential micronutrient, serve to fertilize
growth of iron-limited phytoplankton. This would provide a mechanism by which seafloor hydrothermal fluxes could facilitate
carbon sequestration from the atmosphere, a core illustration of how submarine vents can influence not just local ocean chemistry
but global-scale biogeochemistry. Key technological advances over the past decade have provided new mechanisms to search
systematically for sources of low-temperature hydrothermal flow in addition to the plumes generated by high-temperature venting.
Consequently, the decade ahead offers a new opportunity to conduct integrated, systematic quantification of biogeochemical fluxes
across a complete hydrothermal field in ways that have hitherto been unattainable. Finally, recent studies have revealed multiple
moons in our outer solar system that host liquid water oceans, and on at least two of these moons (Jupiter’s Europa and Saturn’s
Enceladus) those salty oceans are in contact with a rocky seafloor. Should water-rock interactions there establish chemical
disequilibria akin to modern Earth’s hydrothermal systems, those moons could be habitable – and perhaps inhabited. Future
hydrothermal exploration could be the key to a search for life beyond Earth that could be completed within the next human
generation.
Remembrance

The hydrothermal community has lost three pioneers in recent years. A synthesizing approach to considering the impacts of
submarine venting at the global scale was pioneered by Harry Elderfield (University of Cambridge) a decade before the Treatise of
Geochemistry was first published (Elderfield and Schultz, 1996). Jan Amend (University of Southern California) led the field in
applying rigorous thermodynamic approaches to investigating the geomicrobiology of hydrothermal systems (Amend et al., 2011;
Amend and Shock, 2001). Perhaps nobody played a more pioneering role than Diane Adams (Rutgers University) in exploring how
widely the multiple facets of Earth-Ocean processes might interact to shape the influence of submarine venting, from
atmospherically-forced eddy circulation to seafloor sedimentation (Adams et al., 2011). We remember them all for the passion
and insights that they brought to their research. Their inspiration and their influence endures (Fig. 14).
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