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ABSTRACT

The transport and transformation of carbon in subseafloor environments is a significant component of
past, present, and future global fluxes. Seawater’s dissolved organic matter (DOM) enters the
subseafloor and undergoes complex reactions including microbial processing, interactions with the rock
matrix, and thermal restructuring and remineralization to carbon dioxide. Large shifts in concentrations,
isotopic compositions, and molecular abundances provide a rich source of information about the
environments through which fluids have circulated. Broad patterns linking geological settings to the fate
of organic molecules can now be drawn, including the wide-scale removal of seawater DOM in ridge-
flank systems, and large additions of abiotically synthesized compounds into fluids that interact with
mantle rocks. Outstanding questions remain concerning the role of hydrothermal circulation as a source
of refractory organic matter and its impact on the isotopic signature of deep oceanic DOM.
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1. Introduction

Large volumes of water have passed through the hot, rocky subseafloor of the ocean throughout Earth’s
history. Fluids circulate through the igneous crust to an average age of 65 Myr, creating a hydrologically
active reservoir that is nearly 2% of the global volume of the ocean (Johnson and Pruis, 2003). Global
mass fluxes of water passing through hydrothermal systems are on par with the export from rivers
(Mottl, 2003), with the entire volume of the ocean circulating through the upper ocean crust on the
order of every 100,000 — 500,000 yr (Johnson and Pruis, 2003; Fisher, 2005). Rates of hydrothermal
circulation may have been higher in the geological past, when spreading rates were faster (Miiller et al.,
2022)

The scale of hydrothermal circulation is sufficiently large to affect the global cycling of major ions (Mg,
Ca), trace metals (Fe, Mn), phosphorous, isotope systems (87Sr), and the distribution of deep-sea
biological communities (Wheat et al., 1996; German and Von Damm, 2003; Friih Green et al., 2022). The
fate of organic compounds during passage through the oceanic crust, particularly for non-volatiles
species such as amino acids, has historically received less attention. An increasing number of field
studies have addressed this gap, providing insights into the physical, chemical, and biological reactions
that form, remove, and alter dissolved organic matter (DOM). This information can be used to determine
the role of various reactions in the global cycling of carbon and other elements including nitrogen and
sulfur, to constrain the requirements for microbial life to thrive, and to identify the physical and chemical
conditions that lead to the abiotic synthesis of organic compounds.

The DOM transported with seawater into the subseafloor undergoes complex reactions including
microbial processing, interactions with the rock matrix, thermal restructuring, and remineralization.
Hydrothermal circulation has been proposed to be responsible for: (1) 5% of the annual loss of deep
ocean refractory organic carbon (Walter et al., 2018); (2) the de novo synthesis and export of organic
molecules by both biological and abiotic pathways (McCollom and Seewald, 2007; Lang et al., 2010;
Reeves et al., 2014; McDermott et al., 2015); (3) the stabilization of dissolved trace metals due to metal-
organic complexes (Bennett et al., 2008; Sander and Koschinsky, 2011), allowing their transport across
ocean basins (Tagliabue et al., 2010; Fitzsimmons et al., 2014; Resing et al., 2015); (4) water column
signatures of F1*C dissolved organic carbon (DOC) that are anomalously low (Druffel et al., 2021); and (5)
supplying dissolved aromatics to the deep sea (Dittmar and Koch, 2006; Wagner et al. 2019; Lin et al.,
2019).

For the purposes of this chapter, hydrothermal circulation is defined broadly as locations where water
percolates into the crust, is heated, rises buoyantly, and exits into the ocean (Fig. 7.1). The heat that
drives circulation can be supplied by periodic injections of fresh magma or from lithospheric crustal
cooling. Subduction zones also export fluids to the water column in conjunction with volcanic arc and
back-arc systems, as do intra-plate hot spots. The fate of organic matter circulating through these
heterogenous environments depends greatly on the temperature, rock type, the presence or absence of
sediments, and the available reaction time.

***|nsert Figure 7.1***



Figure 7.1: Map of known hydrothermal vent locations based on data
from the InterRidge Vents Database. Modified with permission from
(Frih-Green et al., 2022).

Il. Processes affecting organic compositions The starting material for hydrothermal fluids is
deep seawater that percolates into the crust on the downwelling, recharge limb of
hydrothermal circulation systems, with additions from fluids and volatiles that degassing from
magmatic inputs (Fig. 7.2). Reactions begin in the cool recharge zone and continue throughout
the circulation pathway as fluids are subjected to increasing temperatures, rise buoyantly, and
exit the seafloor. The final fluid composition reflects the totality of these reactions throughout
the fluid pathway.

***Insert Figure 7.2%**

Figure 7.2: General schematic of fluid flow in mafic hydrothermal
systems, not to scale. Water enters the crust at recharge zones, is heated,
and rises buoyantly to return to the ocean. As the crust ages and moves
off axis it accumulates sediment, creating a barrier to convective fluid
flow. Fluids are channeled through bare rock seamount outcrops, with
active exchange with the base of the sediment column. Concentrations
based on data from: Lang et al., 2006; McCarthy et al., 2010; Walter et al.,
2018; Longnecker et al., 2018; Lin et al., 2019.

As elsewhere in this book, DOC is operationally defined as the material that can pass through a filter,
typically with a pore size of 0.2 — 0.7 um, remains in solution after a sample is acidified and purged to
eliminate inorganic carbon, and is converted to CO; after high-temperature combustion, UV oxidation, or
other means. Methane (CH,) is the most abundant reduced carbon species in many hydrothermal
systems, but is measured as DOC as it is too volatile to remain in solution during the purging step. Other
single carbon molecules such as formate and methanol remain in solution and contribute to DOC. In this
chapter, the term DOC is used when discussing the carbon in the bulk organic pool (e.g. carbon-specific
analyses such as DOC concentrations and isotopes), while DOM is used to encompass the broader suite
of compounds that also contain oxygen, nitrogen, and sulfur.

Downwelling seawater carries a suite of organic molecules with molecular and isotopic characteristics
described in full in other chapters of this book. In brief, < 6 % of the 35 — 45 umol L2 DOC in deep
seawater is characterizable at the molecular level, mostly as neutral sugars, amino acids, amino sugars,
and polycyclic aromatic compounds (Benner, 2002; Repeta, 2015). During thermohaline circulation from
the North Atlantic to the North Pacific, the **C age of deep seawater DOC increases from 4,000 to 6,000
ybp as concentrations decrease, while 5'3C signatures remain largely consistent, -22 to -19 %o (Druffel et
al., 1992; Carlson and Hansell, 2015).



Many broad-spectrum analyses that do not target specific molecular components can only be performed
after salt is removed from samples by ultrafiltration, solid-phase extraction (SPE), or other means. These
approaches isolate a subset of the organics (~¥25 — 60%) based on their molecular weight or polarity (see
Chapter 2 by Repeta and Aluwihare for review). Suites of structurally related carboxyl-rich alicyclic
molecules (CRAM) and acylated polysaccharide carbohydrates are major components of the organic
matter isolated in these ways, identifiable as broad peaks by Nuclear Magnetic Resonance (NMR)
spectroscopy (Aluwihare et al., 1997; Hertkorn et al., 2006). Analysis by Fourier Transform lon Cyclotron
Resonance Mass Spectrometry (FT-ICR-MS) demonstrates the presence of several thousand unique
masses, each of which may be a mixture of isomers (Kujawinski et al., 2009). In this section, the
processes that transform, remove, and add to this initial deep seawater organic pool are described (Fig.
7.3).

***Insert Figure 7.3***

Figure 7.3: Organic transformations in the rocky subseafloor. As seawater
percolates into the crust, DOC interacts with the rock matrix and is altered
by microbial processing, thermal reordering, remineralization, and input
of abiotic molecules.

A. Thermal transformation and degradation — The seminal finding that chlorophyll degradation products
were present in crude oil and coal (Treibs, 1936) was foundational to the field of organic geochemistry
(Kvenvolden, 2006). The recognition that biologically synthesized molecules could be transformed into
more stable, long-lived geomolecules gave rise to innumerable studies on the transformation and
degradation pathways of organic compounds under elevated temperatures and pressures. Some of this
information can be generalized to predict and understand the fate of organics due to thermal reworking.
Further studies designed specifically to mimic hydrothermal conditions in controlled laboratory settings
and field observations provide additional insights.

Chemical bonds break in the order of their relative strength, starting with the non-covalent bonds that
sorb organics onto mineral surfaces, followed by bonds involving heteroatoms (oxygen, sulfur, nitrogen)
and, finally, carbon-carbon bonds (Tissot and Welte, 1984). At temperatures below ~80°C microbial
degradation, dehydration (removal of water), oxidation, and other low-temperature reactions break
down macromolecules (Tissot and Welte, 1984; Shock, 1993; Shock et al., 2019). Due to the presence of
water, oxygenated degradation products are favored such as carboxylic acids, alcohols, ketones, in
addition to alkenes and hydrocarbons. (Eglinton et al., 1987; Seewald, 2001a; Shock et al., 2019). Major
products that are generated upon heating sediments or seawater organics include acetate, carbon
dioxide (CO3), and CH4 (Kawamura et al., 1986; Wellsbury et al., 1997; Zhuang et al., 2019; Hawkes et al.,
2016; Lin et al., 2017). Laboratory experiments indicate n-alkanes are oxidized to carboxylic acids, short-
chain hydrocarbons, CO, and CH,4 through a series of stepwise oxidation reactions (Fig. 7.4; Seewald et
al., 2001a; 2001b; 2006).

Figure 7.4: Reaction pathways during the stepwise oxidation of aqueous
n-alkanes to carboxylic acids, short chain hydrocarbons, CO,, and CHy, as
proposed by Seewald, 2001a; 2001b; 2003



***|nsert Figure 7.4***

At temperature ranges of 150-250°C, organic matter deamination (removal of an amino group to release
NHs) and decarboxylation (removal of a carboxyl group to release CO;) occur (Seewald et al., 1990; Hunt,
1979; Qian et al., 1993). Oxygen- and nitrogen-bearing compounds can undergo substitution reactions
that transform their functional groups (Shock et al., 2019; Robinson et al., 2020). Hydration reactions are
favored at lower temperatures, while dehydration is increasingly favored as temperatures increase
(Shock et al., 2013). Oxidation and reduction reactions are also common, and potentially reversible
(Seewald et al., 1994; Shock et al., 2013).

At very high temperatures (>~300°C), organics undergo reduction, condensation (loss of water to form a
new carbon-carbon bond), and dehydration reactions to form macromolecules and aromatics, causing
compounds to revert to their most stable state (Simoneit, 1985; Didyk and Simoneit, 1989). Therefore, in
addition to the complete remineralization of organic matter into CO,, stable molecules such as cyclic and
aromatic structures are also formed, as well as condensates and insoluble organic carbon, some of which
can persist at temperatures >300°C (Eglinton et al., 1987; McCollom et al., 2001; Rushdi and Simoneit,
2004; Hawkes et al., 2016). The favored reaction products at equilibrium are CO,, CHs4, and graphite. As a
consequence, the concentrations of DOC are lower after seawater is exposed to elevated temperatures,
and the molecules that remain in solution are have lower molecular weight, and have lower O/C ratios as
insoluble condensates remain in the solid phase (Lin et al., 2017; Hawkes et al., 2016; Rossel et al., 2017,
Longnecker et al., 2018).

The outcomes of laboratory experiments must be interpreted with some caution as situ conditions are
not always well replicated. For instance, in some experiments designed to simulate hydrothermal
conditions, oxygen was not eliminated from the system, and mineral buffers that would modulate pH
and redox conditions were not included. The reactions that molecular species undergo may therefore
differ from those in natural systems (Shock, 1992). Redox state, pH, and the presence of H; are
particularly influential on the fate of organic molecules (Shock et al., 2019; Glein et al., 2020; Robinson et
al., 2021), and both parameters are strongly impacted by mineral buffering (Shock and Schulte, 1998;
Shock et al., 2013; Johnson-Finn et al., 2020, 2021).

B. Microbial processes — The regions of the crust and mantle that are hydrologically active host a diverse
array of bacteria, archaea, eukaryotes, and viruses (Orcutt et al., 2011; Anderson et al., 2013; Hu et al.,
2021). Analogous to processes that control DOM cycling in the surface ocean, biological autotrophic and
heterotrophic activities also impact the DOM pool within the rocky subsurface. Thus, the organic
signatures of autotrophy, heterotrophy, and degradation of biomass that have been developed to
understand carbon cycling in the water column and sediments, such as lipid biomarker isotopes and
amino acid degradation indices, can also be used to track similar processes in hydrothermal systems
(Pearson et al., 2005; Bradley, Hayes and Summons, 2009; Lang et al., 2013; Lin et al., 2015).

Chemosynthetic microorganisms utilize geochemical energy with metabolisms such as methanogenesis,
methanotrophy, sulfate reduction, sulfide oxidation, and hydrogenotrophy (Summit and Baross, 2001;
Schrenk et al., 2010; Orcutt et al., 2011; Reveillaud et al., 2016; Dick, 2019). Autotrophs flourish in the
dynamic regions where hydrothermal fluids carrying reduced chemical species (H,, CHs, H,S, Fe?*) mix
with oxygenated seawater and provide the most thermodynamic energy, such as in hydrothermal



plumes and diffuse fluids (Amend and Shock, 1998; McCollom and Shock, 1997; McCollom, 2000; Amend
and Shock, 2001; Amend et al., 2011). In contrast, increasing evidence indicates that heterotrophic
organisms dominate microbial populations in the ocean crust away from active mixing zones (Mason et
al., 2010; Li et al., 2020; Suzuki et al., 2020).

C. Abiotic synthesis — One of the most surprising findings of the past several decades is the recognition
of wide-spread abiotic synthesis of organic molecules in hydrothermal settings. Many of the synthesized
compounds, such as CHs and short-chain hydrocarbons (McCollom and Seewald, 2007; Proskurowski et
al., 2008), are too volatile to contribute to the operationally defined DOC pool. But the abiotic synthesis
of the single carbon organic acid formate has now been demonstrated in multiple ultramafic-influenced
systems in micro-molar to milli-molar concentrations (Lang et al., 2010; McDermott et al., 2015;
Eickenbusch et al., 2019), and does contribute to DOC. Methanethiol (CHsSH) has been identified at trace
concentrations in many types of hydrothermal fluids (Reeves et al., 2014). Laboratory experiments
suggest that amino acids can be produced abiotically in hydrothermal environments (Oro et al., 1959;
Hennet et al., 1992; Yanagawa and Kobayashi, 1992; Aubrey, Cleaves and Bada, 2009). While tryptophan
and structurally similar organic molecules have been proposed to be present deep subseafloor rock
cores (Menez et al., 2018), amino acids identified in hydrothermal fluids to date have been attributed to
biological processes (Lang et al., 2013; Lin et al., 2015; Svensson et al., 2004).

D. Sorption and organomineral interactions — In sediments and soils, organic matter is tightly bound
with iron-bearing mineral phases, particularly iron oxides, causing its long-term preservation (Keil et al.,
1994; Hedges and Keil, 1995; Kaiser and Guggenberger, 2000; Lalonde et al., 2012; Coward et al., 2018;
Moore et al., 2023). Mineral surfaces in general, and iron oxides in particular, are widespread in the
mafic and ultramafic subseafloor. Clays are a primary alteration product (Giggenbach, 1984; Frost and
Beard, 2007; Yamashita et al., 2019;), providing extensive surfaces for organic sorption and
organomineral interactions. To date, the role of sorption for controlling the fate of organic molecules
during hydrothermal circulation is largely unexplored.

lll. Isotopic changes to DOM during hydrothermal circulation

Stable carbon (83C) and radiocarbon (F'*C) signatures are powerful tracers of the reactions that form
and remove organic molecules, and of carbon sources. The 3'3C values reflect fractionation processes
that differ across anabolic and metabolic pathways (e.g. Gelwicks et al., 1994; House et al., 2003; Nguyen
et al., 2020), abiotic synthesis pathways (McCollom and Seewald, 2001), and degradative pathways (e.g.
Penning and Conrad, 2006). The numerous processes that impact 8'3C values can make them
interpretation complicated. F**C (or A'*C) values are corrected for isotopic fractionation processes using
13¢/*2C isotopic ratios, and therefore reflect only carbon sources and radioactive decay. New 4C
molecules are formed in the atmosphere and quickly enter surficial inorganic and organic carbon pools
(F**C = 1). In contrast, mantle and ancient carbon present in the subseafloor lack **C (F1*C = 0).
Radiocarbon analysis can therefore be a powerful tool for tracking sources of carbon in hydrothermal
systems due to the large dynamic range of potential carbon sources and its independence from
complicating fractionation effects.

The isotopic signature of bulk DOC from hydrothermal settings has only been reported for a few
locations to date, primarily in mafic ridge flank and diffuse systems (McCarthy et al., 2011; Walter et al.,
2018; Lin et al., 2019). In conjunction with decreases in concentration, the F1*C and &'3C of the DOC are



also more depleted compared to seawater signatures (Fig. 7.5). Radioactive decay during long circulation
times is too minor to account for the depletion, and cannot account for changes in §3C values.
Chemosynthetic microorganisms that utilize *C-depleted inorganic carbon will synthesize organic matter
with depleted F**C and distinct 63C values and could account for the observed data (McCarthy et al.,
2011; Lang et al., 2018). At the Juan de Fuca ridge flank, however, there are strong indications of
selective removal of isotopically enriched DOC, leaving the remaining organic pool depleted in *C and
14¢C, and would also lead to these signatures (Lin et al., 2019). Whether a similar mechanism is
widespread and can account for the general observation of depleted organics in mafic hydrothermal
systems remain an open question.

***Insert Figure 7.5 ***

Figure 7.5. F**C and 83C of DOC from mafic diffuse vents and
ridge flank systems vs. DOC concentrations. Data sources: Juan de
Fuca fluids (JAFR; McCarthy et al., 2010; Lin et al., 2019); North
Pond fluids (Walter et al., 2015); seawater (these papers and
Druffel et al., 1992, 2016, 2021).

Ultramafic systems will fundamentally differ from mafic regimes, although the bulk isotopic signatures of
DOC from ultramafic systems have not yet been reported. DOC concentrations are higher than deep
seawater (Lang et al., 2010; 2018), primarily due to abundant abiotically synthesized formate that can
reach concentrations of hundreds of umol L' (Lang et al., 2018; McDermott et al., 2015). The isotopic
signatures of formate have been reported at one hydrothermal field and are F**C 0.09 — 0.56, depending
on the input of locally mixed seawater dissolved inorganic carbon (DIC) into the fluids (Lang et al., 2018).
Whether seawater DOC is removed during circulation to a similar extent as in mafic systems is unknown,
as elevated bulk DOC concentrations would mask its loss. It is likely that ultramafic systems, in general,
export F1C depleted organics.

IV. Concentrations and compositions of hydrothermal DOM

Early studies regarded hydrothermal systems as the outcome of reactions between two relatively
uniform materials, hot oceanic crust, and seawater. In reality, a wide diversity of rock types, magmatic
degassing, temperatures, extent of biological activity, mixing dynamics, and episodic events give rise to a
large number of diverse systems, each with unique geochemical characteristics. The attempt to broadly
categorize the organic signatures of hydrothermal system types below draws inferences from scarce and
at times conflicting data, and likely oversimplifies the diversity of systems that exist.

A. High-temperature mafic black smoker type systems — Ongoing magmatic inputs at fast and
intermediate mid-ocean ridge spreading centers create new oceanic mafic ocean crust consisting of
gabbros and basalts. Quintessential black smoker systems are hosted on this young (<0.1 Ma) crust and
discharge fluids to temperatures >400°C (Fig. 7.2). One of the earliest studies on the organic
geochemistry of hydrothermal fluids demonstrated that the concentrations of amino acids in black
smoker fluids were lower compared to surrounding seawater, making it one of the earliest
demonstrations of organic removal during hydrothermal circulation (Haberstroh and Karl, 1989).



The bulk concentrations of DOC in high-temperature fluids from sediment-free mafic vent fields on the
Juan de Fuca Ridge (8 — 26 uM; Lang et al., 2006; Hawkes et al., 2015) and the East Pacific Rise (8.5 pmol
L'%; Longnecker et al., 2018) are less than one-third seawater concentrations (~36 umol L'?). Low Mg
fluids indicative of minimal seawater entrainment during sampling from the E2 field in the Southern
Ocean are reported to have DOC concentrations both lower and higher than seawater (34 — 52 umol L?),
as are samples from Menez Gwen (6 — 215 pmol L) (Hawkes et al., 2015). The cause of these high and
variable bulk DOC concentrations are unclear, but issues with contamination during sampling cannot be
ruled out given the extreme technical challenges of sampling high-temperature fluids. In addition to the
loss of bulk DOC, the portion of dissolved organic compounds that SPE can isolate decreases with Mg
concentrations in mafic high-temperature systems, suggesting that the CRAM and carbohydrate
components that contribute to SPE are removed (Hawkes et al., 2015). Based on the low DOC values,
the annual removal of DOC due to high-temperature hydrothermal circulation is estimated to be
approximately 10° mol C yr(Lang et al., 2006; Table 7.1).

A diverse suite of compounds has been identified in high-temperature fluids (300 — 370°C) along the
Mid-Atlantic ridge. Concentrations of n-alkanes and n-fatty acids were generally in the 0.1 — 12 ppb range
at the TAG, Snake Pit, Menez Gwen, and Lucky Strike sites, while mono- and poly-aromatic hydrocarbons
were present at concentrations in sub-ppb levels (Konn et al., 2022). At TAG and Snake Pit, low
concentrations of formate (1 — 2 umol L) and acetate (2 — 8 umol L) were detected (Konn et al., 2022).
Dissolved n-alkanes have also been identified in hot fluids from the East Pacific Rise at concentrations of
~2 ug L', along with derivatives of benzoic acid and a hump in the analytical spectrum that reflects the
presence of an unresolved complex mixture (UCM) of compounds (Longnecker et al., 2018).

Table 7.1. Representative characteristics of different types of hydrothermal systems where data is
available. Numerous system types have not yet been sufficiently characterized to provide flux
estimates.

Representative Values

Net DOC
System type Temp DOcC? Fluid flux® flux®
(°C) pH  (umoll?) (10%gyr?) (molCyr?)

Mafic, axial systems (0 - 1 Ma)

High temperature 300-400°C 2-5 8-26 3-6 -10°

Diffuse 5-100°C 4-7 35-70 280 - 560 +10°to 10%°
Mafic, off axis systems (1 - 65 Ma)

Ridge flank, warm >45 °C 7.5 12-16 7-43 —10°to 10%°

Ridge flank, cool 5-45°C 7.5 18-30 4,800 - 10"
Ultramafic, with minimal
magmatic input 40-120°C 9-11 70-100 poorly constrained
Deep Seawater (>1500 m) 2-5°C 7.8 36-45

2DOC concentrations and fluxes from (Lang et al., 2006; Lang et al., 2010; Walter et al., 2018;
Longnecker et al., 2018; Lin et al., 2019). Negative values indicate a net removal of DOC from the
ocean during circulation while positive values indicate a net gain.

bFluid flux from (Elderfield and Schultz, 1996; Mottl, 2003; Johnson and Pruis, 2003)
‘Net DOC flux from (Lang et al., 2006; Walter et al., 2018). Negative values represent a net loss of
seawater DOC during circulation



B. On Axis Diffuse Fluids — Diffuse venting occurs adjacent to the focused flow of high-temperature
vents, where seawater enters the crust locally and mixes with hydrothermal fluids (Fig. 7.2; Bemis,
Lowell and Farough, 2012). Low-temperature fluids can also be generated by reactions with warm rock,
in the absence of a high-temperature fluid input. Heat flux studies indicate that the fluid flux through
diffuse vents may be as high as 10x greater than through high temperature focused flow (Schultz et al.,
1992; Veirs et al., 2006; Elderfield and Schultz, 1996) (Table 7.1). Axial diffuse vent fluids often are
subseafloor mixing zones between hydrothermal fluids that carry reduced chemical species (H2, CHa, H,S,
Fe?*) and seawater that carries oxidized chemical species (02, NOs’, SO4%), making them ideal locations
for chemosynthetic microorganisms (Summit and Baross, 2001; Huber et al., 2003; Dick, 2019).
Metabolisms such as oxidation of H,, methanogenesis, methanotrophy, and sulfate reduction are
thermodynamically favorable and can support extensive primary production (McCollom, 2000; Amend et
al., 2011; Dick, 2019). In many diffuse vent fluids, concentrations of CH, are higher than expected from a
conservative mixing between seawater and pure hydrothermal fluids, while H, and H,S concentrations
are lower, likely as the result of subseafloor biological activity (Von Damm and Lilley, 2004; Wankel et al.,
2011).

While the amount of biomass that chemosynthetic processes in mixing zones can support is a small
fraction of the photosynthetic biomass (McCollom, 2000), these biological hotspots may have local
impacts and can help support dense invertebrate biomass (Le Bris et al., 2019). The organic matter
produced in diffuse fluids is a likely source for the ligands and macromolecules that complex with iron
and other metals (Sander and Koschinsky, 2011; Lough et al., 2019), allowing their transport across
ocean basins (Tagliabue et al., 2010; Fitzsimmons, Boyle and Jenkins, 2014; Resing et al., 2015).

Diffuse fluids have DOC concentrations higher than local deep seawater, which has been attributed to
biological synthesis in the subseafloor (Lang et al., 2006; McCarthy et al., 2011; Rossel et al., 2015;
Longnecker et al., 2018). The 8§3C values of this DOC from the Juan de Fuca Ridge are slightly more
positive than near-by deep seawater (-18.5 vs. -21.1%o), while the F'*C values that are lower (F**C of
0.5157 vs 0.5600), also possibly reflecting local primary production that incorporates inorganic carbon
containing less **C than seawater DIC (McCarthy et al., 2011). Water-soluble vitamins, amino acids, and
organic sulfur compounds have been identified in diffuse fluids, albeit at sub-micromolar concentrations
(Longnecker et al., 2018).

C. Ridge flank systems — As the oceanic crust ages and moves away from the ridge crest, water continues
to advect through the permeable rocky oceanic crust and lithosphere to ages of 65 Ma (Fig. 7.2; Stein
and Stein, 1994; Johnson and Prius, 2002). Substantial sedimentary cover hinders the hydraulic
connection between bottom water and the basement, so most circulation on the older crust is
channeled through topographic seafloor highs such as seamounts (Fisher and Wheat, 2010).

Ridge flank circulation that occurs at relatively cool temperatures (10-20°C) has the largest fluid fluxes of
any type of known hydrothermal systems, estimated to be 4,800 x 10® g seawater yr! (Mottl and Wheat,
1994; Johnson and Pruis, 2003). Example systems include the Dorado outcrop offshore from Costa Rica
on 23Ma crust (Wheat and Fisher, 2008) and the North Pond system on 7-8 Ma crust on the western
flank of the Mid-Atlantic Ridge (Edwards et al., 2012; Villinger et al., 2019).

10



Due to the lower temperatures, the inorganic geochemistry of the fluids is often nearly indistinguishable
from seawater (Wheat et al., 2019). Nonetheless, substantial losses of DOM have been documented in
cool ridge flank fluids, with concentrations as low as one-third of seawater values (18 — 30 umol L),
leading to an estimated annual removal of 10 mol of DOC, or 5% of the global annual DOC loss (Walter
et al., 2018).

Larger DOC concentration losses are observed in the warmer ridge flank systems that occur where thick
sediment layers provide thermal insulation, such as on the Juan de Fuca Ridge flank (Fig. 2). Due to
smaller water fluxes, the global annual removal of DOC is at least an order of magnitude lower than in
cool ridge flank systems (Table 7.1). Fluid temperatures of 65°C and residence times of hundreds to
thousands of years (Elderfield et al., 1999; Mottl et al., 1998), and diffusive exchange with overlying
sediments, cause more significant geochemical changes to the fluids (Wheat et al., 2013; Mottl and
Wheat, 1994). Up to 75% of seawater organics are removed from the system, resulting in concentrations
of 12 — 16 umol L (Lang et al., 2006; Lin et al., 2012). Despite the large net loss of seawater organics,
NMR data suggests seawater CRAM remains in the fluids, and aromatics are added, with 3*3C values only
slightly more negative than local seawater (Lin et al., 2019). Free amino acids (1 — 13 nmol L) and
dissolved hydrolysable amino acids (43-89 nmol L) are present in the fluids with distributions indicating
they are degraded, possibly due to in situ biological production and/or inputs from porewaters from the
overlying sediments (Lin et al., 2015).

D. Ultramafic systems — Slow and ultra-slow spreading centers occur where plate spreading is not
associated with robust injections of fresh magma and constitutes approximately 50% of global mid-
ocean ridges. Lower crustal and upper mantle rocks are exhumed through tectonic controls. These
ultramafic rocks undergo substantially different water-rock reactions when exposed to seawater.
Alteration reactions associated with the hydration of olivine and orthopyroxene, called serpentinization,
create fluids that contain abundant H; as a by-product of the reaction and tend to be more alkaline at
low temperatures than purely mafic systems. High CH4 concentrations are also characteristic, as the H,
reacts with mantle or seawater inorganic carbon to form CH,4 through Fischer-Tropsch-type reactions
(McCollom and Seewald, 2007).

Systems with little to no magmatic input, such as the Lost City field, host moderate temperature fluids (<
115°C) that are high pH (9 — 11), with concentrations of H, and CH, that reach 15 mmol kg* and 2
mmol/kg respectively (Kelley et al., 2005). The Rainbow field has a significant magmatic component
(Canales et al., 2017), resulting in high temperature fluids (365°C) with low pH (2.8), but a clear
ultramafic influence in the form of abundant H, (16 mmol/kg) and CHs4 (2.5 mmol kg?) (Charlou et al.,
2002). The Von Damm has no obvious magmatic input but features that are a mixture of these
endmembers, with fluids that reach maximum temperatures of 226°C, a pH of 5.6, and high H, and CH,4
concentrations (18.2 and 2.8 mmol L'?) (McDermott et al., 2015).

The abundant H; in ultramafic systems provides the thermodynamic drive for the formation of organic
molecules, both biologically and abiotically (Shock et al., 2013). The energy available for chemosynthetic
metabolisms is higher in the mixing zones from ultramafic fields than mafic fields (McCollom, 2007;
Amend et al., 2011; Reveillaud et al., 2016), though this does not necessarily translate directly to higher
cell counts or activities as other factors may limit life (Lang and Brazelton, 2020). Biologically synthesized
amino acids (1 — 2 pmol L) and fatty acids (1 — 6 umol L), reach concentrations comparable to
productive coastal surface waters (Lang et al., 2013; McCollom et al., 2015). Acetate has also been
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identified in pumol L concentrations, likely due to the degradation of biomass (Lang et al., 2010). Other
suites of molecules that would be expected to form as the result of primary production, such as neutral
sugars and amino sugars, have not yet been analyzed but are also likely present due to abundant
biological activity.

The high H; concentrations also lead directly to the abiotic formation of the single-carbon organic acid
formate. At Lost City, formate concentrations reach 158 umol L't while they are up to 669 pmol L™ at the
Von Damm site (Lang et al., 2010; McDermott et al., 2015). The higher formate concentrations at Von
Damm are due in part to higher initial DIC concentrations. DIC concentrations at Lost City are vanishingly
low (<1 umol L) due to carbonate precipitation in the subseafloor, which causes carbon limitation in the
fluids ( Bradley et al., 2009; Lang et al., 2018).

While no published data on the *C content of bulk DOC in ultramafic systems yet exists, it is likely that
depleted *C signatures accompany the very high total DOC concentrations. In the Lost City fluids that
are most representative of subseafloor conditions, more than 50% of the carbon pool is formate, which
is strongly depleted in *C (F1*C of 0.09) and enriched in 3C (83C of -12.1 %o; Lang et al., 2018). Fatty
acids are also a significant portion of the dissolved carbon pool (15%), and are also highly enriched in 3C
(83C of -7.6 to -3.6%0; Konn et al., 2009; McCollom et al., 2015). The fatty acids are likely mobilized from
bacterial biomass in the chimneys or subseafloor (Konn et al., 2009; McCollom et al., 2015), where
similar compounds have F*C signatures of 0.13 (Lang et al., 2018). The widespread depleted *C
signatures in abiotic and biological molecules reflect the incorporation of *C-free mantle carbon, and
lead to the export of organics with depleted *C signatures into the water column.

E. Sedimented systems — When spreading centers and volcanic hotspots are adjacent to continents with
high sedimentation rates, heated fluids may pass through organic-rich sediments, transforming and
mobilizing organic molecules. Smaller and more aqueous soluble compounds are preferentially carried in
fluids such as smaller alkanes (< Ci0), oligopeptides, oligosaccharides, compounds containing C-N-S
bonds, and aromatic volatiles (Simoneit, 1985; Kawka and Simoneit, 1987). Acetate and other organic
acids are some of the most abundant soluble degradation products (Kawamura et al., 1986; Seewald,
2001a, b; Shebl and Surdam, 1996; Lundegard and Kharaka, 1994; Fisher, 1987; Eglinton et al., 1987 ).
Reactive amino acids, polysaccharides, and small peptides are also released (Lin et al., 2017). As a result,
the residual organics retained in the sediments are often enriched in compounds that have undergone
condensation reactions, as well as other reactions that make them less soluble (Kvenvolden and
Simoneit, 1990; Kawka and Simoneit, 1987; Simoneit et al., 1988; Simoneit and Fetzer, 1996; Rushdi and
Simoneit, 2004).

Lower temperature pore fluids from heated sediments at Guaymas basin contain high DOC
concentrations (up to 8.8 mmol L), but these concentrations decrease as fluids reach temperatures
>100°C (Lin et al., 2017; Zhuang et al., 2019). Pore fluids also contain abundant acetate (up to 229 umol
L'?) and other low molecular weight compounds including formate (6 — 9 umol L), lactate, methanol (0.2
—37 umol LY), and ethanol (0.6-15 umol L), due to biologically mediated degradation of sedimentary
organic matter (McKay et al., 2012; Teske et al., 2016; Zhuang et al., 2019). Hydrolysable amino acids
reach concentrations of 5 uM (Lin et al., 2017). Fluids from the sedimented hydrothermal field Middle
Valley on the Juan de Fuca Ridge contain short chain hydrocarbons (C;Hsto C4H1, <1 to 236 umol L), as
well as elevated abundances of benzene (1 — 28 umol L) and toluene (0.1 — 6 pmol L) (Cruse et al.,
2006).
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F. Hotspots, Volcanic Arc, and Back-arc systems — Intra-plate volcanism is caused when magmatic
plumes originating from the mantle ascend and create hotspots. Known hydrothermal circulation
associated with these hotspots is generally low temperature (<50°C) (Michard et al., 1993; Staudigel et
al., 2004; Glazer and Rouxel, 2009), but sufficiently extensive to be traced in the water column across
ocean basins (Jenkins et al., 2020). Iron and manganese oxidation have the potential to fuel extensive
chemosynthetic microbial biomass (Emerson and Moyer, 2002; Edwards, Bach and McCollom, 2005).

Hydrothermally active submarine arc and back-arc regions are created at the subduction zones of
convergent plate boundaries. Subducting oceanic plates form magmas that are rich in volatiles (Wallace,
2005; Plank et al., 2013), and give rise to submarine volcanoes that host acidic fluids with high CO,, SO,
and trace metal concentrations (de Ronde and Stucker, 2015).

At this time, data from fluids associated with volcanic settings are too heterogenous to draw broad
inferences on the fate of carbon during circulation. Diffuse vents sampled from the back-arc system West
Matta at the NE Lau Basin contained DOC concentrations that were similarly high (39 — 521 umol L-1) to
diffuse vents on spreading centers due to biological synthesis of organics (Lin et al., 2021). In contrast,
shallow submarine vents associated with the Aeolian archipelago and with volcanic islands east of
Taiwan host low temperature fluids with DOC concentrations similar to or substantially lower than local
seawater (Svensson, Skoog and Amend, 2004; Yang et al., 2017). High yields of total dissolved neutral
aldoses in one vent fluid suggests the associated organics may be labile (Svensson, Skoog and Amend,
2004 ) while minimal uptake during incubation experiments with a different vent fluid suggests limited
bioavailability (Yang et al., 2017).

The fore-arc region of subduction zones gives rise to low-chlorinity springs due to the dewatering of the
subducting slab (Fryer, 2012). Springs hosted on the Mariana fore-arc form from subducted slab fluids
passing through mantle rocks on the overlying slab, inducing serpentinization (Fryer, 2012). The springs
and the pore fluids associated with the resulting mud volcanoes have high concentrations of DOC,
formate, and acetate, due to the combined influences of degrading sediments, microbial activity, and
abiotic synthesis (Mottl et al., 2004; Haggerty and Fisher, 1992; Eickenbusch et al., 2019; Mottl et al.,
2023).

G. Hydrothermal Plumes — The warm, buoyant fluids that exit the seafloor rise into the water column
and are diluted with seawater (~1:1000) to create nonbuoyant plumes that disperse from vent sites with
oceanic currents (German and Von Damm, 2003; German and Seyfried, 2015). The chemical disequilibria
created by mixing chemically reduced fluids with oxygenated seawater creates metabolic energy to fuel
primary productivity, so long as abiotic oxidation of geochemical species is kinetically hindered
(McCollom, 2000). Plumes host microbial communities that mediate the oxidation of CH4, NH*, Mn, Fe,
and reduced S compounds (Winn et al., 1986, Kadko et al., 1990; De Angeles et al., 1993; Lam et al.,
2011; Anantharaman et al., 2016). Elevated concentrations of particulate organic carbon (POC) with
distinct §*3C values are widely observed in hydrothermal plumes of all types, often in conjunction with
higher DOC concentrations (Bennett et al., 2008; 2011; Lam et al., 2008; Breier et al., 2012; Lin et al.,
2021). The elevated organics could be entrained from the biological biomass, inhabiting diffuse fluids,
the walls of high-temperature chimneys, or from in situ carbon fixation within the plume. Organic
aggregates are intimately associated with minerals, and appear to be composed of protein-rich
biomolecules, exopolymer-like matrices, organic ligands, and microorganisms (Toner et al., 2009; Breier
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et al., 2012). Complexes with organic compounds stabilize dissolved trace metals, allowing their dispersal
far from local vent fields (Bennett et al., 2008; Toner et al., 2009; Sander and Koschinsky, 2011).

V. Potential impacts on the molecular composition of seawater DOM

Transport of seawater through hydrothermal systems is both a net source and sink of marine DOM,
broadly dependent on the type of system (Table 7.1). The majority of organic matter in deep seawater is
removed during circulation through mafic high-temperature systems and ridge flank systems, while
organics are added to diffuse fluids, sedimented systems, and ultramafic-influenced systems (Table 7.1).
Beyond net fluxes, organic molecules’ reactions during circulation through the crust may also influence
the distributions of molecules in the deep sea.

CRAM and carbohydrates are major components of deep seawater DOM (Aluwihare et al., 1997,
Hertkorn et al., 2006; Arakawa et al., 2017). Their fate during hydrothermal circulation is difficult to
assess as only a small number of studies have applied the techniques used to identify these molecules in
seawater, such as NMR, to hydrothermal fluids. One exception is a detailed study of low-DOC ridge flank
fluids that demonstrated that CRAM remains present in the fluids, and is only partially decomposed and
removed during circulation (Lin et al., 2019). Similarly, despite net losses in DOC concentrations, CRAM-
like material is still present in high-temperature fluids from the East Pacific Rise (Longnecker et al., 2018).

Hydrothermal vents have been implicated as potential sources for thermogenic black carbon and
aromatic compounds to the abyssal ocean (Dittmar and Koch, 2006; Yamashita et al., 2022). A diverse
suite of polyaromatic hydrocarbons (PAHs) and benzene polycarboxylic acids (BPCAs) have been
identified in the deep ocean waters (Dittmar and Koch, 2006; Yamashita et al., 2022), with *3C and *C
isotopic signatures distinct from riverine sources, making oceanic inputs likely (Ziolkowski and Druffel,
2010; Wagner et al., 2019). Concentrations of aromatic compounds and graphite are elevated in fluids
from mafic high-temperature vents on the EPR (Estes et al., 2019), Menez Gwen (Rossel et al., 2017), and
Rainbow (Konn et al., 2009), Lucky Strike (McCollom et al., 2015), the ultramafic Lost City system (Konn
et al., 2009), the Juan de Fuca ridge flank (Lin et al., 2019), as well as in sedimented systems in the
Guaymas Basin (Simoneit, 1985) and Middle Valley on the Juan de Fuca Ridge (Cruse and Seewald,
2006).

Most focus has been on high-temperature mafic vents as the potential primary sources of aromatics to
the deep sea. When reported, concentrations of aromatics are low in high-temperature fluids, in the
nano-molar or pico-molar level for high-temperature vents on the EPR and Mid-Atlantic Ridge
(Longnecker et al., 2018; Konn et al., 2022). The approaches used to detect aromatics differ across
studies, and the absence of detection may simply reflect that the compounds were of a structural type
outside the analytical window. Nonetheless, the fluid fluxes through high-temperature mafic systems are
relatively small, and total DOC concentrations are relatively low, in comparison to other types of
hydrothermal circulation (Table 7.1).

In contrast, fluxes through diffuse and ridge flank systems are substantially larger and heating studies
suggest that some aromatic compounds may form over hours to days even at temperatures as low as
55°C (Rossel et al., 2015; Rossel et al., 2017). Aromatics are elevated over deep seawater abundances in
ridge flank systems despite a large net loss of bulk DOC concentrations (Lin et al., 2019).
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Sedimented hydrothermal systems are an additional alternative potential source of aromatics. Black
smoker fluids from sedimented Middle Valley contain benzene (28 umol L) and toluene (6 umol L?),
translating into a total of 210 umol C L' (Cruse and Seewald, 2006). Their concentrations are
unqguestionably higher than what could be present in sediment-free black smoker or ridge flank systems,
where total DOC concentrations are typically <20 umol C L. Total fluid fluxes through sedimented
systems are poorly constrained, making it difficult to extrapolate to global contributions. Exports of total
DOC solely from the Guaymas Basin system, however, are estimated as ~10° mol C yr'!(Lin et al., 2017),
on par with global estimates of DOC from all mafic, sediment-free, black smoker systems (Table 7.1; Lang
et al., 2006).

VI. Impacts likely differ across ocean basins

The fate of organic matter during hydrothermal circulation depends in part on the volcanic and tectonic
regimes that host circulating fluids (Table 7.1). Therefore, the geographical distribution of vent field types
is important to acknowledge when considering the impact of hydrothermal circulation on the deep
marine DOC cycle. The fast and ultra-fast spreading centers that form new ocean crust and give rise to
high-temperature black smoker type systems are largely located in the Pacific Ocean (German et al., in
press). In contrast, the mid-Atlantic Ridge is slow-spreading with more input from ultramafic water-rock
reactions (German et al., in press).

The fast-spreading East Pacific Rise (EPR, 20°S 115°W) may have an outsized influence on deep ocean
geochemistry. The southern section of this ridge is the fastest known spreading center in the world.
Signatures of its vent fluids have been observed across the Pacific Ocean (Lupton and Craig, 1981), and
dissolved iron, manganese, and aluminum exported from the EPR can be detected thousands of
kilometers from the source (Fitzsimmons, Boyle and Jenkins, 2014; Resing et al., 2015).

The EPR may similarly impact the regional deep DOC pool. Water column samples collected near the EPR
contained DOC with unusually low A*C and 83C signatures in locations previously shown to have
elevated concentrations of excess 3-helium (3Hee), a conservative hydrothermal tracer (Druffel et al.,
2021). Similar to other mafic vent fields, high-temperature fluids on the EPR contain only 8.5 umol L of
DOC, less than one-third of local seawater concentrations of 44 umol L%, while low-temperature diffuse
fluids contain 46 pmol L (Longnecker et al., 2018). While the isotopic signatures of bulk organic matter
have not yet been determined at the EPR, data from other mafic environments suggests it will be
significantly depleted in *C compared to seawater (Fig. 7.5) and could be responsible for the water
column depleted isotopic signatures of DOC observed by Druffel et al., (2021).

The Pacific Ocean hosts multiple sedimented hydrothermal systems as numerous spreading centers and
volcanic hot spots occur adjacent to continental settings, including the Guaymas Basin in the Gulf of
California (Simoneit and Lonsdale, 1982), Middle Valley on the Juan de Fuca Ridge, near Northwestern
U.S. (Cruse and Seewald, 2006), and Escanaba Trough on the Gorda Ridge, off the coast of northern
California (Gieskes et al., 2002). The organic content of fluids passing through sediments is quite high
(see Section III.E), but water fluxes of these systems are not well constrained, making their influence on
the deep ocean DOC cycle unclear.

The western Pacific is populated by arc and back-arc systems associated with subduction zones. Intra-
plate volcanism creates hotspots that are also predominantly located in the central and western Pacific
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Ocean. As discussed in Section IlI.F, the data available for these types of systems is sparse and
heterogenous, and hampers predictions of their global influence.

The Atlantic Ocean hosts the slow-spreading Mid-Atlantic Ridge, while ultraslow spreading centers are
found primarily in the Arctic and the Southwest Indian Ridge, with a short segment on the Mid-Cayman
Rise. Concentrations of DOC in low and moderate-temperature ultramafic settings are substantially
higher than in deep seawater, and much of this material is likely depleted in F*C compared to seawater
(see Section III.D). The influence on the isotopic composition of deep DOC will, therefore, likely differ
significantly from systems in the Pacific Ocean.

VII. Major unknowns

A. Broad spatial and temporal patterns — Fully integrating the geochemical fluxes associated with
hydrothermal circulation into DOM cycles is challenging because of their heterogeneity in space and
time. It is now clear that the fate of organics differs substantially based on the geological setting of
circulation. But only a small number of systems, such as those on the Juan de Fuca ridge flank and the
Lost City vent field, have been characterized for their organic signatures multiple times and by more than
one research group. Most vent fields — or even types of systems — have only been sampled once.
Significant gaps remain on the fate of organics in multiple system types, and whether unexpected
signatures from some locations are robust or are due to sampling artefacts.

Large geochemical perturbations occur regularly with tectonic-volcanic events such as earthquakes,
magmatic injections, and even tidal pressure fluctuations (see Rubin et al., 2012 for review). Most of
what is known on hydrothermal systems’ organic geochemistry results from samples collected at single
time points. The long-term stability of the organic component of hydrothermal systems is largely
unknown, as is the impact of large but brief events such as underwater eruptions. Identifying these
patterns can inform models of the global exchange of carbon between the ocean and lithosphere, which
may have been greater in the geological past when spreading rates were higher due to the breakup of
Pangaea (Mdller et al., 2022).

B. Direct access to the rocky subseafloor — The life that inhabits the mixing zones in the near
subseafloor substantially alters the DOM signatures and can obscure the alterations that have occurred
earlier in fluid flow pathways. Efforts to sample from boreholes drilled directly into the rock subseafloor
have the potential to bypass this biological overprinting, and identify transformations that occur in the
deeper, hotter crust.

C. Robust, targeted experimental insights — Experimental efforts to recreate hydrothermal conditions in
laboratory settings effectively demonstrated the abiotic synthesis of organic molecules (see McCollom
and Seewald, 2007 and Shock et al., 2019 for reviews). Reaction progress will change with conditions
such as pH, redox state, water-rock ratios, pressure, and even the reactivity of vessel surfaces containing
the experiment. Isotope labels and tracking mass balances can be used to ensure that newly formed
products are from the expected starting material and not organics introduced extraneously. These types
of approaches have been applied quite successfully to track the fate of individual and suites of
compounds, but have not yet been deployed as extensively to understand the fate of complex organic
matter in seawater.
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D. Source and sink of refractory DOM — The refractory organic matter carried with seawater is removed
to different extents during hydrothermal circulation, depending on the geological setting. New material
can be added, leading to fluids that have similar bulk concentrations but distinct isotopic and molecular
composition. The organic constituents exported from these settings remain poorly constrained in most
cases. As a result, it remains an open question of how the biotic and abiotic modification that DOM
undergoes impacts its bioavailability, and whether hydrothermal systems are responsible for major
refractory components of the oceanic DOM reservoir.
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