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Abstract—Mixing of hydrothermal fluids and seawater at the ocean floor, combined with slow reaction
kinetics for oxidation/reduction reactions, provides a source of metabolic energy for chemolithotrophic
microorganisms which are the primary biomass producers for an extensive submarine ecosystem that is
essentially independent of photosynthesis. Thermodynamic models are used to explore geochemical
constraints on the amount of metabolic energy potentially available from chemosynthetic reactions
involving S, C, Fe, and Mn compounds during mixing of hydrothermal fluids with seawater. For the
vent fluid used in the calculations (EPR 21°N OBS ), the model indicates that mixing environments are
favorable for oxidation of H,S, CH,. Fe’* and Mn"" only below ~38°C, with methanogenesis and
reduction of sulfate or S° favored at higher temperatures, suggesting that environments dominated by
mixing provide habitats for mesophilic (but not thermophilic) aerobes and thermophilic (but not meso-
philic) anaerobes. A maximum of ~760 cal per kilogram vent fluid is available from sulfide oxidation
while between 8 and 35 cal/kg vent fluid is available from methanotrophy, methanogenesis, oxidation
of Fe or Mn, or sulfate reduction. The total potential for chemosynthetic primary production at deep-
sea hydrothermal vents globally is estimated to be about 10" g biomass per year, which represens
~0.02% of the global primary production by photosynthesis in the oceans. Thermophilic methanogens
and sulfate- and S°-reducers are likely to be the predominant organisms in the walls of vent chimneys
and in the diffuse mixing zones beneath warm vents, where biological processes may contribute to the
high methane concentrations of vent fluids and heavy **S/*S ratios of vent sulfide minerals. The metabolic
processes taking place in these systems may be analogs of the first living systems to evolve on the Earth.

Copyright © 1997 Elsevier Science Ltd

1. INTRODUCTION

Hydrothermal vents at mid-ocean ridges (MOR) are the sites
of some of the most rapid production of biomass of any
ecosystems on the earth (Lutz et al., 1994). Unlike most
biological communities where photosynthetic organisms
form the basis of the food chain, the principal source of
primary productivity in vent ecosystems are chemolithoauto-
trophic microorganisms (Table 1) that exploit the difference
in chemistry between hot vent fluids and the surrounding
seawater to gain metabolic energy (Jannasch, 1985; Karl,
1995). To date, studies of the microbiology of hydrothermal
vents have primarily focused on isolating pure cultures of
organisms and characterizing their internal metabolic path-
ways and enzymes, and considerably less attention has been
paid to the ecology of vent microbial communities. As a
consequence, little is known about the relative rates of differ-
ent chemolithotrophic reactions in situ, the proportions of
autotrophic vs. heterotrophic metabolism among chemolitho-
trophs, the ecological niches the microbes inhabit, or the
impact of microorganisms on chimney mineralogy and the
observed composition of hydrothermal fluids (Karl, 1995).
One reason that the ecology of these habitats has received
little study is their inaccessibility, both because they occur
at great depth within the ocean and because the niches that
many microorganisms inhabit in vent environments are in
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the subsurface or within the walls of vent chimneys where
their activities are not readily observed (e.g., Hedrick et al.,
1992). In the absence of direct observation, studies of fluid
chemistry and geochemical models of the mixing of hydro-
thermal fluids with seawater provide a means to study micro-
bial habitats in vent environments and to assess the metabolic
energy available from chemolithotrophic reactions. This as-
sessment can be used to place preliminary constraints on the
extent of chemosynthetic metabolism in vent ecosystems.
Heat released by the upwelling of hot magma as the
Earth’s tectonic plates spread apart at mid-ocean ridges gives
rise to circulation of hydrothermal fluids through basaltic
rocks at the ocean floor. Seawater is drawn down into the
rocks, heated in the vicinity of the crystallizing magma
chamber, and transformed chemically by interaction with the
rock, then rises buoyantly due to heating and is expelled
back to the surface (Fig. 1). As a consequence of fluid-rock
interactions during transport through the crust. the hydrother-
mal fluids are hot, acidic, highly reduced, and metal-enriched
in comparison to ambient seawater (Table 2}. Venting of
the hydrothermal fluids at the seafloor occurs as both high-
temperature vents (250-400°C) and low-temperature vents
(primarily ~8-40°C). Mixing of high-temperature fluids
with seawater results in precipitation of minerals resembling
smoke in the hydrothermal plume above the vent (thus black
smokers) and the formation of chimney-like structures of
sulfide and sulfate minerals. The lower temperature vents
are believed to be due to diffuse mixing of high-temperature
hydrothermal fluids with seawater in the subsurface (Ed-
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Table 1. Brief glossary of terminology used in reference to micro-
organisms.

Terms related to sources of metabolic energy:

Chemotroph—a microorganism that uses chemical energy for
metabolic processes (in contrast to a phototroph which uses
light energy).

Lithotroph—an organism that uses an inorganic compound
(e.g., Ha. H,S, Fe?") as the electron donor in its energy
metabolism (as opposed to an organotroph which uses an
organic compound as an electron donor).

Autotroph—an organism able to synthesize cellular material
from CO;; a producer of primary biomass.

Heterotroph—an organisim that obtains energy and carbon for
cellular synthesis from organic compounds; a consumer of
primary biomass.

Mixotroph—an organism that requires both organic compounds
and CO, for growth; may be either a producer or consumer
of primary biomass.

Chemosynthesis—use of chemical energy to derive the
synthesis of cellular material from CO, (in contrast to
photosynthesis which uses light energy).

The above terms may be combined to give:
Chemolithoautotroph—an organism that obtains energy from
oxidation chemical reactions involving inorganic compounds
and can grow on CO; as its only carbon source.

Aerobic and anaerobic—environmental conditions that are
relatively oxidizing or reducing, respectively. The boundary
between aerobic and anaerobic conditions is difficult to
define, but a general guideline is that aerobic environments
contain ‘‘measurable O,’" while O, in anaerobic
environments is below measurable limits.

Terms related to temperature:

Mesophile—a organism capable of living at ‘‘moderate’”’
temperatures (5-50°C).

Thermophile—an organism able to live at high temperatures
(above ~50°C). For the purposes of this report,
hyperthermophiles (organisms able to live at very high
temperatures, above ~80°C) are included in the thermophilic
category.

High-temperature vent
(250-400°C)

Low-temperature vent \

(~8-40°C)

Seawater

Fig. 1. Schematic cross-section of hydrothermal circulation at a
mid-ocean ridge. Seawater is drawn into the crust, heated to 350—
400°C, chemically altered by interactions with hot rocks, and rises
buoyantly back to the seafloor. Venting at the seafloor takes the form
of high-temperature fluids ( ~250-400°C) which form chimney-
like structures and lower temperature vents (~8-350°C) which are
thought to be the result of subsurface diffuse mixing of hydrothermal
fluid with seawater. Fig. modified after Jannasch and Mottl (1985).

Table 2. Comparison of the composition of a typical mid-ocean
ridge hydrothermal vent fluid (EPR 21°N OBS vent) and seawater
(data from Von Damm, 1990; Von Damm et al., 1985; Welhan and
Craig, 1983). All concentrations are millimolal.

EPR 21°N
OBS Seawater

T (°C) 350 2
log fO,* —30.24 —1.240
pH 432" 7.8
0. aq 0 0.076
H,, aq 1.7 0
SOt 0 279
H.S 7.3 0
Na' 432 464
Ca*t 15.6 10.2
Mg*! 0 527
Ba®* 0.008 0.00014
AP 0.0052 0.00002
Fe 1.664 0.0000015
Cl- 490 541
HCO;3 5.72 2.3
CH. 0.07 0
Sio, 17.6 0.16
K* 232 9.8
Mn*! 0.96 0
Cu?* 0.035 0.000007
Pb>* 0.000308 0
Zn** 0.103 0.00001

* Calculated.
" Tn situ 350°C pH calculated. Measured pH at 25°C = 3.4.

mond et al., 1979; Jannasch and Mottl, 1985; Tivey et al.,
1995; Elderfield and Schultz, 1996). Although the spectacu-
lar high-temperature vents with their black smoker chimneys
and prolific megafaunal communities have received most
attention from biologists and geologists (and TV shows!),
many times more hydrothermal fluid may actually be ex-
pelled through the low temperature vents (COSOD II Report,
1987; Rona and Trivett, 1992; Elderfield and Schultz, 1996).

When hydrothermal fluid mixes with seawater, slow reac-
tion Kinetics for oxidation/reduction reactions among S, C,
Fe, and Mn compounds (Chen and Morris, 1972; Mottl et
al., 1979: Seyfried and Mottl, 1982: Welhan, 1988; Shock
1990, 1992; Lilley et al., 1993) results in chemical disequi-
librium which chemolithotrophic microorganisms can ex-
ploit for metabolic energy. It should be emphasized that,
although physical conditions such as temperature and pres-
sure influence the hydrothermal environment, the ultimate
source of energy for vent communities comes from the
chemical differences between seawater and the hydrothermal
fluids which have equilibrated with rocks in the subsurface.
Particularly significant in this respect is the difference in
oxidation state between the highly reduced statz of the igne-
ous rocks at the ocean floor and the relatively oxidized condi-
tion of seawater in the oceans. Degassing of the igneous
rocks as they solidify is another potential source of reduced
compounds such as H, and CH, in the hydrothermal fluids.

This study focuses on autotrophic reactions, or reactions
that lead to production of primary biomass in vent ecosys-
tems. Some potential chemolithoautotrophic reactions for
vent habitats are listed in Table 3. Each of the reactions in
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Table 3. Some chemical reactions which are potential chemolithoautotrophic energy sources in submarine hydrother-
mal systems. Also shown are the limiting reactants for the metabolic reactions during mixing of hydrothermal vent
fluid (EPR 21°N OBS) with seawater as determined by the model calculations (see text). Mesophilic microorganisras
isolated from mid-ocean ridge hydrothermal communities have, to date, been demonstrated to utilize the metabolic
energy sources marked with an ‘M’, and thermophilic organisms have been shown to use the sources marked with a
‘T* (Karl, 1995; Baross and Deming, 1995). Energy sources marked with an asterisk (*) have been observed for
thermophilic microorganisms in terrestrial hot spring environments but organisms capable of utilizing these reactions
have not yet been cultured from deep-sea hydrothermal vent communities.

Chemolithoautotrophic

energy source Overall reaction Limiting reactant

4377

Sulfide oxidation (M)y* H,S + 20, » SO + 2H* 0, > ~4°C
H,S < ~4°C
Sulfate reduction (T)' SO;™ + 2H* + 4H, — H,S + 4H,0 H,

Sulfur oxidation (M)
Sulfur reduction (T)?
Methanotrophy (M)

S° + H, - H,S
Methanogenesis (T)
Iron (II) oxidation (M)*

Iron (IIT) reduction™
Mn (II) oxidation (M)

Hydrogen oxidation H, + %0, » H,0

S° + %0, + H,0 — SO} + 2H*
CH, + 20, = CO, + 2H,O

CO, + 4H, —» CH, + 2H,O

Fe’* + %0, + H" = Fe’* + LH,0

Fe’* + %0, + H,0 - %Fe,0s,s (hematite) + 2H™
Fe** + '“%H, — Fe* + H*

Mn** + %,0, + H,O —» MnO,,s + 2H"

O, (where S° available)
H, (where S° available)
0, > 33°C

CH, < 33°C

H,

0, > 27°C

Fe** < 27°C

P‘efH»

0, > 26°C

Mn?* < 26°C

" A single species of sulfate reducer has been cultured from deep-sea hydrothermal systems that appears to be

mixotrophic.

% All thermophilic sulfur reducers from deep-sea hydrothermal systems isolated thus far appear to be obligate
heterotrophs, although an autotrophic sulfur reducing thermophile has been identified from a shallow submarine vent

(see text),

Table 3 is known to be carried out by microorganisms in
one environment or another, although many organisms may
use these reactions in heterotrophic rather than autotrophic
metabolism (Brock and Madigan, 1991). Some of the reac-
tions in Table 3 (those marked with an M or T) have been
identified as metabolic reactions carried out by microorgan-
isms isolated from submarine hydrothermal systems. Other
reactions, particularly thermophilic oxidation of sulfide and
Fe?*, have been proposed as potential microbial processes
in vent environments (e.g., Jannasch, 1995) and are currently
the focus of research efforts to isolate organisms that use
these reactions. The oxidation of sulfide (H,S,aq or HS ™)
and elemental sulfur (S°)" are widely accepted as the princi-
pal chemosynthetic reactions leading to production of pri-
mary biomass in ridge ecosystems (Jannasch, 1985; Jan-
nasch and Mottl, 1985; Karl et al., 1980), but other potential
primary producers have been isolated from these systems
including iron and manganese oxidizers, sulfur reducers,

*The terms sulfide and H,S are used interchangeably in this com-
munication and refer to the aqueous species H,S,aq and HS 7, collec-
tively. Although the term sulfide is used by biologists to refer to
H,S, this terminology is not used here to avoid confusion with the
geologists’ use of sulfide which generally refers to metallic minerals
containing reduced sulfur. Similarly, sulfate and £SO3™ refer collec-
tively to SO3~, HSO7, and the various aqueous complexes of
SO and HSO;, while CO, includes CO,,aq, HCOj3, and CO3™.
Sulfur and S are used to refer to the element in any of its forms,
while S° specifically indicates zero-valent sulfur in its solid or liquid
form. However, in reference to microorganisms that utilize elemental
sulfur in their metabolism, the terms sulfur oxidation and sulfur
reduction are used to be consistent with the terminology of the
biological literature.

methanogens, and methanotrophs (see reviews by Karl,
1995; Baross and Deming, 1995; Jannasch, 1995), and bio-
logical sulfate reduction at temperatures to 110°C has been
observed within sediments at sediment-covered vents
(Jorgensen et al., 1990, 1992; Burggraf et al., 1990).

Which of the chemical reactions listed in Table 3 can
be utilized as a source of metabolic energy in a particular
environment depends upon whether or not the chemistry of
the environment makes the reaction energetically favorable.
The amount of metabolic energy that is potentially available
to a microorganism from a chemical reaction can be calcu-
lated using the familiar equation

AG=AG°+RTIh Q (1)

where AG?® represents the standard free energy, AG the free
energy, 1 the temperature in Kelvin, and R the universal gas
constant, and @ stands for the activity product of the species
involved in the reaction. Note that it is the free energy (AG)
and not the standard free energy (AG®) that reflects the
amount of energy available to an organism from a chemical
reaction. This has often been overlooked in analyses of mi-
crobial energetics where only the standard free energy is
used to determine the amount of energy available from po-
tential food sources; such analyses can lead to serious misin-
terpretations of metabolic energy sources available in a par-
ticular environment.

Exergonic reactions (those with a negative AG) give off
energy as they proceed and are favorable for providing en-
ergy for microbial metabolism, because the energy released
from the reaction can be transferred to provide energy for
cellular synthesis. Estimation of the metabolic cnergy avail-
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Table 4. Equilibrium constants (log K’s) for reactions to form the
sulfate complexes NaSO; and MgSO3, which were added to the
EQ3/6 database used in the model calculations. Pressure is 250 bar
for all temperatures.

log K for reaction:

Temp.
°C) NaSQ; = Na™ + SO;~ MgSOg = Mg™* + SO;~
1 -0.57 -2.12
25 —-0.62 -2.19
60 —0.78 ~2.36
100 —1.00 -2.59
150 -1.32 -2.95
200 —1.68 —341
275 —2.37 —4.41
350 -3.59 —6.48

able for chemolithoautotrophic reactions during mixing of
hydrothermal fluids and seawater in submarine vent environ-
ments can be made using Eqn. | by taking into account the
standard free energy of the reaction, which is a function of
temperature, and the changing composition of the fluid dur-
ing mixing, which is accounted for in the Q term.

Variations in the composition of the fluid during mixing
were estimated using a thermodynamic reaction path model.*
The model is similar to those used previously to study min-
eral precipitation during mixing and the formation of chim-
ney walls and massive sulfide deposits at submarine hydro-
thermal systems (Janecky and Seyfried, 1984; Bowers et
al., 1985; Janecky and Shanks, 1988). The mixing model
calculations start with a kilogram of hydrothermal fluid and
then add seawater to the fluid in increments, using the seawa-
ter and vent fluid compositions given in Table 2. The repre-
sentative hydrothermal fluid used in the calculations is from
the Ocean Bottom Seismometer (OBS) vent at 21°N on the
East Pacific Rise (EPR).

As each increment of seawater is added in the mixing
model, the composition and speciation of the fluid is deter-
mined by minimizing the Gibbs free energy for the overall
system, taking explicit account of activity coefficients and
formation of complexes. Temperature was controlled only
by mixing of the fluids, so that the addition of each increment
of seawater lowers the temperature of the mixed fluid (Fig.
2). As the temperature is lowered, proportionally greater
amounts of seawater are required to lower the temperature
further. In the mixing calculations, it was assumed that oxi-
dation/reduction reactions among S, C, Fe, and Mn com-
pounds do not occur in the absence of biologic processes.

¥All mixing calculations were performed with the aid of the com-
puter program EQ3/6 (Wolery, 1992; Wolery and Daveler, 1992).
The thermodynamic database necessary to run EQ3/6, as well as the
thermodynamic data ( AG®s ) for metabolic reactions were generated
using the program SUPCRT92 (Johnson et al., 1992). Thermody-
namic data used by SUPCRT92 are from Helgeson et al. (1978) for
minerals, and Shock and Helgeson (1988, 1990), Shock et al.
(1989), and Sverjensky et al. (1997) for inorganic and organic
aqueous species and complexes. Provisional thermodynamic data
were estimated for two suifate complexes (NaSO; and MgSOy)
not included in the SUPCRT92 database (Table 4). All calculations
assume a pressure of 250 bar to approximate conditions in deep-sea
hydrothermal vents.

In addition, although a number of minerals become saturated
during mixing, precipitation of minerals was suppressed.

The concentrations of selected components in the fluid
during mixing are shown in Fig. 3. All of the elements
shown in Table 2 were included in the mixing and speciation
calculations, but the most relevant of these elements are
represented in Fig. 3 for clarity. The variation of hydrogen
and oxygen across this diagram (Fig. 3b) reflects contribu-
tions from both dilution and reaction of H, and O, to form
water. The oxidation state of the system is represented by
the oxygen fugacity ( fO,) which shows a rather abrupt tran-
sition at about 38°C from relatively oxidized conditions
(high fO,) dominated by seawater at lower temperatures to
highly reduced conditions (very low fO,) dominated by vent
fluid at higher temperatures (Fig. 3b).

The amounts of chemical energy potentially available for
autotrophic metabolism of S, C, Fe, and Mn compounds
during mixing are discussed in the following section. Before
proceeding with this discussion, however, a couple of aspects
of the models should be noted. The calculations presented
here are strictly applicable only to the vent fluid and seawater
compositions used in the model. There is considerable spatial
and temporal variation in the composition of vent fluids (e.g.,
Welhan and Craig, 1983; Von Damm, 1990; Lilley et al.,
1993), and caution should be used when extrapolating the
present results to other vents. Also, as will be seen in the
following discussion, the transition between oxidizing and
reducing conditions mentioned above plays a prominent role
in establishing which metabolic reactions are favorable dur-
ing mixing. As discussed later, the transition temperature is
dependent on a number of factors including the composition
of the vent fluid and seawater, partial oxidation and reduction
of dissolved compounds, conductive cooling, and microbial
activities, so the transition temperature will vary for different
conditions. In addition, although only a simple mixing model
was used in this study, the model yields concentration pro-
files as a function of temperature (including the sharp transi-
tion in oxidation state ) which are similar to those calculated
for fluid mixing in hydrothermal chimney walls using more
detailed models which take account of diffusion, porosity,
and mass transport ( Tivey and McDuff, 1990; Tivey, 1995).
Additional calculations using concentration profiles from the
more detailed models provided by M. K. Tivey (pers. com-
mun.) do not change the major conclusions of this study.

Hydrothermal fluid - seawater mixing

120
100
80
60

per kg vent fluid

20

kg of seawater added

0 50 100 150 200 250 300 350
Temperature (°C)

Fig. 2. Temperature during mixing of hydrothermal fluid and sea-
water in the thermodynamic reaction path model. The model assumes
that the temperature during mixing is controlled only by mixing of
the fluids (that is, there is no conductive cooling), so that lower
temperatures require increasing input of seawater.
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2. METABOLIC ENERGY AVAILABLE FROM MIXING
OF HYDROTHERMAL FLUIDS WITH SEAWATER

2.1. Autotrophic Metabolism of H,S and Sulfate

Sulfur compounds play a prominent role in the bio-
geochemistry of submarine hydrothermal vent environments
and many of the microorganisms that have been isolated
from vents metabolize dissolved sulfur compounds, particu-
larly H,S. At the highly reducing conditions present in sub-
marine hydrothermal fluids, H,S,aq is the predominant form
of dissolved S, while SO%~ predominates in seawater due to
relatively oxidizing conditions (Fig. 4). As hydrothermal
fluids mix with seawater, the changing oxidation state of the
fluid combined with slow reaction kinetics for oxidation/
reduction reactions among sulfur compounds may allow ei-
ther H,S or sulfate to provide a source of chemosynthetic
energy. Which of these compounds can serve as a source of
food depends on which compound is more thermodynami-
cally stable as the fluid composition evolves during mixing.

Sulfide oxidizing microorganisms gain metabolic energy
by converting H,S to sulfate through the reaction

H.S,aq + 20,,aq = SO2~ + 2H" (2)

Conversely, sulfate-reducing microorganisms convert sulfate
to H,S by the reaction

SO:i” + 2H" + 4H,,aq — H,S,aq + 4H,0 (3)

Autotrophic sulfate reducers obtain the hydrogen required
to reduce sulfate directly from the environment or from the
oxidation of metallic species while heterotrophic sulfate re-
ducers generate hydrogen by coupling Rxn. 3 with the oxida-
tion of an organic compound such as acetate

CH,COO ™~ + 4H,O - 2HCO; + H* + 4H,,aq (4)

The amount of chemical energy potentially available from
the metabolism of dissolved sulfur compounds during mix-
ing of hydrothermal vent fluid with seawater can be quanti-
fied using Eqn. 1 by taking into account the temperature
dependence of the standard free energies of Rxns. 2 and 3
and accounting for changes in the composition of the fluid
during mixing. The temperature dependence of the standard
free energy for the reactions are shown in Fig. 5, where it
can be seen that AG® for sulfide oxidation becomes less
negative with increasing temperature while that of sulfate
reduction becomes more negative. Variations in the concen-
trations of H,S, SOZ™, H*, H,, and O, in the fluid during
mixing were estimated using the mixing model (Fig. 3) and
were used to evaluate the metabolic energy potential of sul-
fate and H,S using Eqn. 1.

The calculated free energies for reactions involved in the
metabolism of H,S or sulfate during mixing is shown in Fig.
6a. In this plot, negative values indicate exergonic reactions
that are favorable sources of metabolic energy by chemosyn-
thesis while positive values indicate endergonic reactions
that require input of energy to proceed. It can be seen from
Fig. 6a that for temperatures below ~38°C, sulfide oxidation
to sulfate is energetically favored, and there is a large amount
of energy available to microorganisms from each mole of
H.S oxidized. This is the energy that drives the metabolic

activities of sulfide-oxidizing chemolithoautotrophic micro-
organisms, both free-living and symbiotic, at the surface of
hydrothermal vent chimneys. Above ~38°C, the reducing
conditions favor the reverse process, reduction of sulfate to
H,S, and a smaller, but still substantial, free energy is avail-
able to microorganisms from sulfate reduction. The tempera-
ture of transition from H,S-oxidizing to SO3 -reducing con-
ditions, corresponding to the abrupt transition in oxidation
state at 38°C shown in Fig. 3b, is strongly dependent on the
amount of H; in the vent fluid and may vary bv several tens
of degrees for vents with different H, concentrations.

In Fig. 6a, the Gibbs free energy is expressed in terms of
the energy per mole of aqueous sulfur species reacted. In
Fig. 6b, variations in the relative concentrations of H.S and
sulfate during mixing are taken into account by portraying
the amount of energy available per kilogram of mixed fluid
(calculated by multiplying the free energy per mole of S
species at each temperature by the concentration of sulfide
for oxidation or sulfate for reduction). Although the amount
of energy available from oxidation of each mole of H,S
below 38°C greatly exceeds that available from reduction
of each mole of sulfate above 38°C (Fig. 6a), the sulfate
concentration exceeds that of H,S at temperatures below
~275°C, so the total amount of energy avaiiable in each
kilogram of mixed fluid from sulfate reduction greatly ex-
ceeds that for H,S oxidation (Fig. 6b). It should be kept in
mind, however, that the lower temperatures represent greater
amounts of the mixed fluid (Fig. 2).

Reference to Fig. 3 shows that the concentration of sulfate
and H,S exceed those of H, and O, at most temperatures,
indicating that the availability of H, and O, arz likely to be
the factors limiting the autotrophic metabolism of dissolved
sulfur species during mixing (although the concentration of
H™* is lower than H, at higher temperatures, H* was not
considered limiting for sulfate reduction in tais study be-
cause the reaction

CO,,aq + H;O = HCO; + HY (5

can contribute additional H™ to the fluid as it is consumed
by sulfate reduction ). Therefore, it may be more reasonable
to evaluate metabolism of sulfur species based on the con-
centration of these limiting compounds as shown in Fig. 6c,
which gives the Gibbs free energy for sulfide oxidation under
O, limiting conditions (H,S becomes limiting for this reac-
tion below 4°C) and sulfate reduction with H, limiting. The
amount of energy in this figure was calculated by dividing
the free energies shown in Fig. 6a by 2 for sulfide oxidation
and 4 for sulfate reduction to account for reaction stoichiom-
etry and multiplying by the concentration of O, or H; in
the mixed fluid. Sulfide oxidation is most favorable at low
temperature (around 5°C) and becomes less energetically
favorable with increasing temperature due to decreasing
availability of O, as seawater mixes with oxvgen-depleted
vent water. Conversely, sulfate reduction becomes increas-
ingly favorable with increasing temperature above 38°C due
to increasing contribution of H,-rich vent fluid; however, a
quantity of energy equivalent to that available from sulfide
oxidation at 5°C is only available from sulfate oxidation at
temperatures above ~175°C.

Using these calculations, it is possible to estimate the






