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ABSTRACT 25 
Hydrothermal experiments were conducted to evaluate the kinetics of H2(aq) 26 

oxidation in the homogeneous H2-O2-H2O system at conditions reflecting 27 

subsurface/near-seafloor hydrothermal environments (55-250 oC and 242-497 bar). The 28 

kinetics of the water-forming reaction that controls the fundamental equilibrium between 29 

dissolved H2(aq) and O2(aq), are expected to impose significant constraints on the redox 30 

gradients that develop when mixing occurs between oxygenated seawater and high-31 

temperature anoxic vent fluid at near-seafloor conditions. Experimental data indicate that, 32 

indeed, the kinetics of H2(aq)-O2(aq) equilibrium become slower with decreasing 33 

temperature, allowing excess H2(aq) to remain in solution. Sluggish reaction rates of H2(aq) 34 

oxidation suggest that active microbial populations in near-seafloor and subsurface 35 

environments could potentially utilize both H2(aq) and O2(aq), even at temperatures lower 36 

than 40 oC due to H2(aq) persistence in the seawater/vent fluid mixtures. For these H2-O2 37 

disequilibrium conditions, redox gradients along the seawater/hydrothermal fluid mixing 38 

interface are not sharp and microbially-mediated H2(aq) oxidation coupled with a lack of 39 

other electron acceptors (e.g. nitrate) could provide an important energy source available 40 

at low-temperature diffuse flow vent sites.  41 

More importantly, when H2(aq)-O2(aq) disequilibrium conditions apply, formation 42 

of metastable hydrogen peroxide is observed. The yield of H2O2(aq) synthesis appears to 43 

be enhanced under conditions of elevated H2(aq)/O2(aq) molar ratios that correspond to 44 

abundant H2(aq) concentrations. Formation of metastable H2O2 is expected to affect the 45 

distribution of dissolved organic carbon (DOC) owing to the existence of an additional 46 

strong oxidizing agent. Oxidation of magnetite and/or Fe++ by hydrogen peroxide could 47 

also induce formation of metastable hydroxyl radicals (•OH) through Fenton-type 48 
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reactions, further broadening the implications of hydrogen peroxide in hydrothermal 49 

environments. 50 



 4 

1. Introduction 51 

Low-temperature diffuse fluid flow in submarine hydrothermal systems represents 52 

an important mechanism of heat and mass transfer in mid-ocean ridges, playing a key 53 

role in the re-distribution of volatiles and metals. In general, diffuse flow systems involve 54 

subseafloor mixing between oxygenated cold seawater and high-temperature anoxic 55 

hydrothermal fluid (CORLISS et al., 1979; EDMOND et al., 1979). The contrasting chemical 56 

and physical conditions of these two fluid sources induce sharp gradients, with important 57 

implications for the distribution of redox- and pH-sensitive aqueous species (DING et al., 58 

2001; DING et al., 2005; KELLEY et al., 2002; LUTHER et al., 2001; TIVEY, 1995). 59 

Identifying metastable equilibria that likely accompany redox and pH gradients not only 60 

helps to elucidate subseafloor hydrothermal alteration processes, but may also contribute 61 

important insights into the nature of energy sources fueling a subseafloor biosphere. For 62 

example, availability of dissolved oxygen, a major source of metabolic energy for aerobic 63 

lithoautotrophs, in the presence of reduced inorganic compounds, influences the 64 

distribution of aerobic and anaerobic bacteria in the subsurface (EDWARDS et al., 2005; 65 

REYSENBACH and SHOCK, 2002). The existence of hydrogen-utilizing chemolithotrophic 66 

bacteria in chimney structures, however, is also consistent with the persistence of H2(aq)-67 

enriched fluids at low temperatures (T < 70 oC) (REYSENBACH et al., 2000). 68 

The distribution of redox couples (e.g. H2(aq)/O2(aq), H2S(aq)/SO4
--) is typically 69 

assessed by use of geochemical mixing models constructed assuming complete 70 

thermodynamic equilibria  or complete disequilibria (MCCOLLOM and SHOCK, 1997; 71 

SHOCK and HOLLAND, 2004). A number of experimental and field studies, however, have 72 

suggested that these assumptions might be invalid, especially for moderately low 73 
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temperatures (< 200 oC) (DING et al., 2001; FOUSTOUKOS et al., 2009; MCCOLLOM and 74 

SEEWALD, 2006). For example, fluid samples collected from diffuse and focused flow 75 

vents at the Main Endeavour Field (MEF) along Juan de Fuca Ridge indicate that the 76 

types of organic species can be related to the geochemical processes occurring within the 77 

seawater-hydrothermal fluid mixing zone (FOUSTOUKOS et al., 2009). In particular, the 78 

distribution of dissolved volatiles measured in the high and low-temperature 79 

hydrothermal vent fluids at MEF confirms the strong effect of temperature on the kinetics 80 

of the CO2-CO-H2-H2O redox equilibria (SEEWALD et al., 2006), where slow CO2-CO 81 

reaction rates are indicated at temperatures less than 50 oC. 82 

Another important redox couple that can be linked to subsurface mixing processes 83 

involves dissolved H2(aq) and O2(aq) species. Theoretical studies have suggested that H2(aq)-84 

O2(aq) disequilibrium can provide large energy sources to support microbial metabolism in 85 

deep-sea vent environments (MCCOLLOM and SHOCK, 1997; SHOCK and HOLLAND, 86 

2004). At elevated temperature and pressure (350 oC-350 bar), the water-forming reaction 87 

that ultimately constrains this redox couple has been shown to achieve thermodynamic 88 

equilibrium rapidly (SEEWALD, 1994). However, at low temperatures only one set of 89 

experimental data exists (Table 1) (HOUGHTON, 2003). These data describe H2(aq) 90 

oxidation rates at 100 oC-500 bar in the homogeneous H2-O2-H2O system and support the 91 

presence of excess H2(aq) in solution after mixing H2(aq)- and O2(aq)-enriched aqueous 92 

fluids (Table 1). Furthermore, H2(aq)-O2(aq) disequilbrium at low temperatures (< 37 oC) 93 

has also been suggested by dissolved oxygen concentrations measured in groundwaters 94 

and in experimental studies involving pyrite oxidation (KAMEI and OHMOTO, 2000; 95 

LINDBERG and RUNNELLS, 1984), where aqueous solutions maintained elevated O2(aq) 96 
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concentrations even at highly reducing conditions. Thus, to more closely examine the 97 

effect of temperature on H2(aq)-O2(aq) equilibrium, a series of hydrothermal experiments 98 

were conducted in the homogeneous H2-O2-H2O system, at temperature and pressure 99 

conditions reflecting subsurface/near-seafloor hydrothermal environments (55-250 oC 100 

and 242-497 bar). This study also examines the formation of metastable aqueous species. 101 

For example, reducing conditions when coupled with disequilibrium between dissolved 102 

oxygen and hydrogen, could contribute to the formation of metastable aqueous oxidants 103 

(e.g. H2O2(aq)). The formation of such as species could affect redox gradients developed 104 

within the seawater-hydrothermal fluid mixing zone with implications not only for the 105 

chemical evolution of diffuse flow hydrothermal fluids, but also for the diversity of the 106 

near-vent microbial and macrofaunal communities. 107 

 108 

2. Methods 109 

2.1 Experimental and Analytical Procedures 110 

To determine H2(aq) oxidation rates at a wide range of temperatures (55-250 oC), 111 

hydrothermal experiments were conducted by using both “open system” flow-through 112 

(Geophysical Lab) and “closed system” batch reactors (University of Minnesota) (Table 113 

3, 4). The batch reactor system facilitated determination of equilibrium phase relations, 114 

while the flow-though experiments were better suited to assess reaction rates. In effect, a 115 

60 ml flexible Au/Ti cell reaction cell was used to overcome “open system” limitations 116 

linked to short reaction times. For example, in the flow-through experimental system, 117 

fluid flow rates were adjusted to provide residence times up to 15 minutes. Reaction 118 

times up to 1451 minutes were achieved in the flexible Au/Ti cell (Table 3, 4). The latter 119 
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experimental design allows time series sampling of internally filtered fluid at 120 

experimental conditions (SEYFRIED et al., 1987), while the chemical composition of the 121 

reactant fluids can be modified at any time by “in-situ” injection of aqueous solutions 122 

directly in the cell through a sampling valve. Thus, the progress of the H2-O2 redox 123 

equilibrium can be monitored and controlled. However, to evaluate reaction kinetics that 124 

exhibit short half-life (e.g. few minutes) use of the flow-through design is more 125 

appropriate. In the flow-through experiments, a fixed volume (3.251 ml) cylindrical 126 

titanium reactor was placed into a gravity-convection Lindberg/Blue oven with 127 

temperatures uniformity of 4 oC at 200 oC. Aqueous solutions were delivered by a high 128 

precision dual-cylinder and gas-tight titanium pump (Quizix SP5000) that provides 129 

continuous and pulse-free fluid flow at a constant flow rate. The residence time of the 130 

reactant fluids in the cell was controlled by adjusting the flow rate of fluid delivery, 131 

which was maintained under constant pressure conditions by an inline backpressure 132 

regulator (Coretest DBPR-5). A similar design was adopted by Foustoukos et al. (2007) 133 

to evaluate the distribution of trace elements within the two phase region of the NaCl-134 

H2O system at elevated temperatures and pressures. 135 

In all experiments, dissolved O2(aq) was produced by complete thermal 136 

decomposition of dilute H2O2(aq) aqueous solutions (Sigma-Aldrich), with known starting 137 

composition (Table 3, 4). Dissolved H2 was introduced either by direct injection into the 138 

flexible Au/Ti cell, or by purging the reactant solution with H2 gas at atmospheric 139 

pressures prior to delivery by the gas-tight Quizix 5000 pump. Dissolved volatile 140 

concentrations were adjusted to reflect the compositional variability expected at near-vent 141 

mixing hydrothermal environments. Furthermore, to estimate final mixing ratios needed 142 
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to properly evaluate the chemical composition of the solution mixture in the batch 143 

reactor, the H2(aq)-bearing fluids were spiked with 176 ppm of Cl, which served as a 144 

conservative chemical tracer. Fluid samples were collected in gas-tight Hamilton locking 145 

syringes and then analyzed for dissolved H2(aq), O2(aq) and N2(aq) by a SRI 8610C gas 146 

chromatograph equipped with TCD detector and a Carboxen-1010 Plot/Silica-Gel 147 

column. Analytical errors are within 5% (2σ) and reflect the larger values of errors 148 

between instrument calibration and duplicate analysis of individual samples. Nitrogen 149 

concentrations were monitored to account for the atmospheric O2 contributions 150 

introduced during sampling and to adjust accordingly the measured O2(aq) concentrations. 151 

Data collected are indicative of minimal air contamination corresponding to very low N2 152 

concentrations (0.2 – 2.7 %). Dissolved chloride concentrations were measured by ion 153 

chromatography with estimated uncertainties (2σ) of less than 2%. Fluid pH was 154 

measured with a glass combination Thermo-Orion Micro-pH electrode coupled with an 155 

Orion Benchtop 250 A pH/mV meter. 156 

 157 

2.2 Analytical methodology for H2O2(aq)  158 

Dissolved H2O2(aq) concentrations were retrieved by a Labsystem Multiskan 159 

MCC/340 MKII spectrophotometer, following the fluorometric Amplex Red 160 

methodology (A-22188 Molecular Probes) with detection limits as low as 50 nmol/kg 161 

(ZHOU et al., 1997). This technique involves reaction of H2O2 with the Amplex Red 162 

reagent (1:1 stoichiometry) and formation of highly fluorescent resorufin under the 163 

presence of horseradish peroxidase. The main advantage of the Amplex Red is the low 164 

background fluorescence and the enhanced stability of produced resorufin (GOMES et al., 165 
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2005, and references therein). A number of studies have shown that Amplex Red is a 166 

sensitive and specific probe for the detection of H2O2 (COHN et al., 2008; 167 

GYULKHANDANYAN and PENNEFATHER, 2004; SEAVER and IMLAY, 2001; SEAVER and 168 

IMLAY, 2004). 169 

To further establish the accuracy of analytical techniques for hydrogen peroxide 170 

detection, a series of flow-through experiments was performed to investigate the kinetics 171 

of H2O2(aq) decomposition in the homogeneous H2O-H2O2(aq) system, at temperatures and 172 

pressures typical of seafloor mixing hydrothermal environments (60 - 200 oC, 242 bar) 173 

(Table 2). In general, the complete decomposition of H2O2(aq) is assumed to follow first-174 

order reaction kinetics in keeping with previous studies (CROISET et al., 1997; HIROKI et 175 

al., 2002; LIN et al., 1991) and described as: 176 

H2O2(aq) → H2O + ½ O2(aq)     (1) 177 

][][
22

22
22

OHk
dt

OHd
OH=−      (2) 178 

where kH2O2 is the observed decomposition rate coefficient in s-1 and t is time in seconds. 179 

Results confirm a first-order reaction rate, exhibiting a strong linear correlation between 180 

the natural logarithm of H2O2(aq) concentrations and reaction time giving a slope that 181 

defines the kH2O2 at each temperature (Fig. 1a). The temperature-dependent decay rate can 182 

then be expressed by the Arrhenius equation: 183 

RT
E

Ak a
OH −= )ln()ln(

22
     (3) 184 

where Ea is the activation energy, A is the pre-exponential (or frequency) factor, R is the 185 

gas constant (8.314 J mol-1 K-1) and T is temperature in Kelvin. The linear temperature 186 

dependence of observed kH2O2 is in good agreement with previously published data (Fig. 187 
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1b) (CROISET et al., 1997; LIN et al., 1991), supporting the applicability of experimental 188 

and analytical protocols used in this study. The estimated activation energy of 45.1 189 

kJ/mole and the pre-exponential factor of 728 s-1, strictly apply to the titanium-bearing 190 

flow-through system utilized, but these values are in good agreement with similar data 191 

from other studies in which inconel 625 reactors were utilized. In general, reactor surface 192 

effects are linked to the oxidation potential of the material and the catalytically enhanced 193 

stability of intermediate OH and HO2 radicals in the H2O2 decomposition scheme (HART 194 

et al., 1963; HOARE et al., 1967; LIN et al., 1991; TAKAGI and ISHIGURE, 1985). These 195 

short-lived radicals would remain absorbed on the metallic surface and likely affect their 196 

reactivity potential towards H2O2(aq) decomposition (LIN et al., 1991). Overall, our results 197 

indicate a decrease of the half-life (0.693/ kH2O2) of H2O2(aq) from 200 min at 60 oC to 2 198 

min at 200 oC, revealing a clear inverse effect of temperature on H2O2 stability. 199 

 200 

3. Results 201 

A total of 6 hydrothermal experiments were performed to assess temperature 202 

effects on the rate of the H2(aq)-O2(aq) equilibrium at pressures applicable to near-seafloor 203 

hydrothermal systems (242-497 bar) (Table 3,4). This redox equilibrium can be 204 

expressed by the so-called Knallgas reaction: 205 

H2(aq) + ½ O2(aq) → H2O     (4) 206 

It is expected that reaction (4) obeys first-order reaction kinetics with respect to H2(aq) 207 

abundances, as follows:  208 

][][
2

2
2

Hk
dt
Hd

H=−       (5)  209 
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where kH2 is the decomposition rate coefficient in s-1 and t is time in seconds. Data 210 

obtained exhibit a strong linear correlation (r2 = 0.89-0.99) between reaction time and the 211 

natural logarithm of the H2(aq) concentrations measured in solution, indicative of a first-212 

order reaction mechanism (Table 3, 4).  213 

In general, results from the flow-through experiments indicate a nearly 39% 214 

decrease of dissolved H2(aq) concentrations at 250 oC within the first 5 minutes of the 215 

reaction, consistent with  rapid H2(aq)-O2(aq) equilibration. Estimated kinetic rate constants 216 

at 200 oC and 250 oC are 4.11 x 10-4 to 5.35 x 10-4 s-1, respectively (Table 3, Fig. 2a), and 217 

only an order of magnitude slower than the rates of hydrogen peroxide decomposition 218 

(Fig. 1b). Thus, at these elevated temperature conditions, trace amounts of H2O2(aq) may 219 

have persisted during the very early stages of reaction with minimal effect on the overall 220 

H2 oxidation process..  221 

Rate constants of the H2-O2 equilibrium decreased with decreasing temperatures, 222 

ranging from 1.89 x 10-4 to 2.69 x 10-5  s-1 at 125 oC and 55 oC respectively, consistent 223 

with the abundance of dissolved H2(aq) concentrations, even after several hours of reaction 224 

(Table 4). In effect, the first order temperature-dependent rate of H2(aq) oxidation can be 225 

described with an activation energy (Ea)  of 24 ± 3.4 kJ/mole, and an pre-exponential 226 

factor (A) of 6.7 ± 6.7 s-1. Reaction half-life ranges from 22 minutes to 430 minutes at 227 

250 oC and 55 oC respectively (Fig. 2). 228 

The relatively high H2(aq) concentrations in these experiments are accompanied by 229 

formation of metastable hydrogen peroxide. In fact, dissolved H2O2(aq) concentrations 230 

reached values (0.002 – 0.156 mmol/kg), and persisted in solution for significantly longer 231 

reaction times that those predicted from H2O2 decomposition rates for the pure H2O2-H2O 232 
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system (Fig. 1b). These observations appear to indicate involvement of both H2(aq) and 233 

O2(aq) in solution on rate relations (Table 4). Elevated H2(aq)/O2(aq) molar ratios and high 234 

H2(aq), concentrations enhance the stability of H2O2(aq) even at temperatures as high as 235 

125oC. These results are in agreement with previous studies, where comparable amounts 236 

of H2O2(aq) were produced at 100 oC - 500 bars, under similar compositional constraints 237 

(e.g. species concentrations, H2/O2 molar ratios) (Table 1) (HOUGHTON, 2003). The fact 238 

that hydrothermal formation of hydrogen peroxide is viable at these temperatures and 239 

pressures suggests that this species needs to be considered at deep-sea vents. In effect, 240 

such enrichments of strong oxidants might inhibit the growth of microbial communities, 241 

while the relative distribution of dissolved H2(aq) and O2(aq) could affect the extent of 242 

aerobic and anaerobic microbial habitats by defining redox gradients in the near-seafloor 243 

hydrothermal vents (EDWARDS et al., 2005; REYSENBACH and SHOCK, 2002).  244 

 245 

4. Discussion 246 

4.1 The role of H2-O2-H2O redox equilibria on habitability 247 

The H2-O2-H2O disequilibria observed in this study adds to the distribution of 248 

reductants/oxidants in seafloor hydrothermal systems (e.g. H2(aq)/O2(aq), H2S(aq)/SO4
--, 249 

Fe++/Fe+++), as well as the overall energy available to microorganisms (MCCOLLOM and 250 

SHOCK, 1997). Early models assumed instantaneous equilibration between H2(aq) and 251 

O2(aq) and predict an abrupt transition between oxic and anoxic conditions, corresponding 252 

to the distribution of redox species in the vent fluid/seawater mixture and the Gibbs (∆Gr) 253 

energy for each redox reaction. Later models recognized the importance of the 254 

dependence of the oxic/anoxic interface on the relative abundance of H2(aq) and O2(aq) in 255 
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evolved mixture solutions (SHOCK and HOLLAND, 2004). Thus, experimental data 256 

demonstrating inhibition of the Knallgas reaction at low temperatures (<150 oC) will 257 

greatly affect the spatial extent of both aerobic and anaerobic bacterial populations in 258 

near-seafloor habitats. In fact, the existence of both (hyper)thermophilic and mesophilic 259 

hydrogen-oxidizing bacteria utilizing O2, NO3
-, and/or S0 as electron acceptors  has been 260 

observed in chimney structures and near-vent diffuse flow sites  (CAMPBELL et al., 2006; 261 

NAKAGAWA and TAKAI, 2008; REYSENBACH and SHOCK, 2002). 262 

Aerobic and anaerobic chemolithoautotrophic microorganisms that thrive in the 263 

mixing zone between reducing hydrothermal fluid and oxygenated seawater are highly 264 

abundant in a variety of mid-ocean ridge hydrothermal systems. In particular bacteria 265 

belonging to the Epsilonproteobacteria and Aquificales play an important role as primary 266 

producers at deep-sea hydrothermal vents (CAMPBELL et al., 2006; NAKAGAWA and 267 

TAKAI, 2008; REYSENBACH and SHOCK, 2002). Both groups exhibit similar metabolisms 268 

– i.e. the oxidation of reduced sulfur compounds and hydrogen with both oxygen and 269 

nitrate or the oxidation of hydrogen with elemental sulfur coupled to the fixation of 270 

inorganic carbon – and thus occupy a similar ecological niche. However, they seem to be 271 

partitioned by their temperature preference, with Epsilonproteobacteria dominating the 272 

microbial communities at temperatures from 20 °C to 60 °C, whereas Aquificae seem to 273 

be the predominant autotrophs at temperatures higher than 60 °C (CAMPBELL et al., 2006; 274 

NAKAGAWA and TAKAI, 2008). Different groups of Epsilonproteobacteria might also 275 

occupy different niches. Members of the Nautilia/Caminibacter group grow at 276 

temperatures between 40 °C and 70 °C, and they rely on hydrogen oxidation coupled to 277 

S0- or nitrate reduction (to NH4
+) as their energy source. In contrast, members of the 278 



 14 

Sulfurimonas group or the Sulfurovum group grow at lower temperatures between 10 °C 279 

and 40 °C, and use reduced sulfur compounds and/or molecular hydrogen as electron 280 

donors and oxygen or nitrate (to N2) as electron acceptors (CAMPBELL et al., 2006). 281 

Compared to other epsilonproteobacterial isolates, members of these groups can tolerate 282 

relatively high amounts of oxygen (NAKAGAWA and TAKAI, 2008); metabolic features 283 

that might be beneficial in ecosystems where intensive mixing of hydrothermal fluids and 284 

seawater takes place. 285 

To better understand the spatial extent of the H2-O2 gradient in near-seafloor 286 

hydrothermal mixing zones, thermodynamic calculations in the homogeneous H2-O2-H2O 287 

system were performed utilizing the experimentally derived kinetic rate law constants (A, 288 

Ea), while assuming first-order reaction kinetics for the H2-O2 redox equilibrium. The 289 

reaction path calculations were modeled with Geochemist’s Workbench (BETHKE, 1996; 290 

BETHKE, 2002), making use of compositional constraints on both seawater and 291 

hydrothermal fluid as described by McCollom and Shock (1997). Concentrations of 292 

dissolved H2 for the hydrothermal fluid are lower (1.3 mmol/kg) than in the previous 293 

models (1.7 mmol/kgl), accounting for the lack of other competitive oxidation reaction 294 

involving Fe+2, H2S(aq), So or Mn+2. Results suggest the presence of a sharp redox gradient 295 

at 38 oC once conditions reach equilibria (Fig. 3). However, short-term mixing processes 296 

allow fluids to achieve simultaneous enrichment in both H2(aq) and O2(aq). For example, 297 

even after 10 hours of homogeneous mixing at temperatures as low as 20 oC, diffuse flow 298 

fluids retain micromolar concentrations of H2, while shorter reaction times permit more 299 

reducing conditions and possibly the establishment of anaerobic zones. Similarly, 300 

persistence of dissolved O2(aq) at temperatures higher than 38 oC (Fig. 3) could promote 301 
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growth of microaerophilic chemolithoautotrophs, such as Aquificaceae and 302 

Hydrogenothermaceae (e.g. Aquificales) which grow between 60 °C and 90 °C 303 

(NAKAGAWA and TAKAI, 2008).  304 

 305 

4.1.1 An example: H2-O2-H2O disequilibria and the metabolic pathways of the anaerobic 306 

nitrate reducers 307 

Biological reduction of dissolved NO3
- is well known to proceed either through 308 

denitrification (i.e. formation of N2) or ammonification (i.e formation of NH4
+). In near-309 

seafloor hydrothermal environments, mixing between deep water and high-temperature 310 

hydrothermal fluid results in diffuse flow fluids being enriched in NO3
- (20 - 40 µM in 311 

seawater SCHLITZER, 2000) while maintaining moderately high H2(aq) concentrations in 312 

accordance with the sluggish kinetics of H2-O2 redox equilibrium (Fig. 2). For example, 313 

both processes have been suggested to occur at Axial Volcano, Juan de Fuca Ridge, 314 

where dissolved NO3
- concentrations of diffuse flow fluids exhibit depletion from values 315 

expected for conservative mixing between seawater and hot hydrothermal fluids, while 316 

accompanied by elevated concentrations of ammonia and the presence of nitrous oxide 317 

and nitrite (BUTTERFIELD et al., 2004). In line with this observation, a number of 318 

mesophilic and thermophilic Epsilonproteobacteria and Aquificales that perform either 319 

denitrification or nitrate ammonification have been isolated from chimney structures and 320 

diffuse-flow sites along mid-ocean ridges (ALAIN et al., 2002; GOTZ et al., 2002; 321 

MIROSHNICHENKO et al., 2004; NAKAGAWA et al., 2005a; NAKAGAWA et al., 2003; 322 

NAKAGAWA et al., 2005b; TAKAI et al., 2004; TAKAI et al., 2006; VETRIANI et al., 2004; 323 

VOORDECKERS et al., 2008). Energetically both pathways exhibit similar potential to 324 
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support chemolithoautotrophic metabolism (STROHM et al., 2007). Denitrification, 325 

however, has been shown to proceed under microaerobic conditions despite the 326 

potentially inhibiting role of O2(aq) on anaerobic denitrifying activity (DAVIES et al., 1989; 327 

HERNANDEZ and ROWE, 1987; MCKENNEY et al., 2001).  328 

 Overall, the range of O2(aq) concentrations that anaerobic NO3
- reducers can 329 

tolerate spans between 2 and 54 µM (GOTZ et al., 2002; NAKAGAWA et al., 2003; 330 

NAKAGAWA et al., 2005b; TAKAI et al., 2004; TAKAI et al., 2006). These concentrations 331 

would reflect important fractions of seawater (100 - 250 µM O2(aq) SCHLITZER, 2000) in 332 

the low-temperature diffuse flow fluids and would contribute to strong redox gradients 333 

along the mixing interface. Thermodynamic calculations on the energetic contributions of 334 

the excess dissolved O2(aq) to the Knallgas reaction performed at 70 oC - 250 bars suggest 335 

that it is the strongly out-of equilibrium O2(aq) concentrations that would account for most 336 

of the bioavailable energy and not the concentration of dissolved H2(aq), even when the 337 

latter ranges from 100 µM to 10 mM (Fig. 4). Thus, the tendency of denitrifiers to switch 338 

between aerobic and anaerobic metabolism and to carry out nitrate reduction in the 339 

presence of O2(aq) likely imposes an important constraint on microbial diversity at near-340 

seafloor hydrothermal sites as they can out compete organisms executing ammonification 341 

under these conditions. On the other hand, under low nitrate concentrations, such as 342 

expected at higher temperatures (i.e. elevated contribution of hydrothermal fluid in 343 

diffuse flow), nitrate ammonification has been found to allow a higher growth yield than 344 

denitrification (STROHM et al., 2007). Consequently, one could expect that organisms 345 

carrying out ammonification have a competitive advantage under these conditions. 346 

Currently, no conclusive data on the relative abundance of denitrifiers and ammonifiers at 347 
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different temperatures exist, but existing data on cultures are generally supportive of this 348 

trend (CAMPBELL et al., 2006). 349 

 350 

4.2 Formation of metastable H2O2(aq) 351 

A number of studies have focused on the formation of hydrogen peroxide in 352 

aqueous solutions through different reaction mechanisms. For example in Borda et al. 353 

(2003), addition of pyrite grains to O2-free water appeared to enhance adsorption of H2O 354 

and ferric Fe at sulfur-deficient lattice sites resulting in the possible formation of 355 

metastable hydroxyl radicals and H2O2(aq). Similarly, by applying mechanical or electric 356 

charge stresses in silicate minerals, O2-defect lattice sites bearing O- species might be 357 

formed, leading to oxidation of H2O to H2O2 through formation of O radicals (BALK et 358 

al., 2009; HUROWITZ et al., 2007). In addition, direct formation of H2O2(aq) through H2(aq) 359 

oxidation by dissolved O2 is promoted in the presence of Pd or Au-Pd supported catalyst 360 

(T < 25 oC) (CHINTA and LUNSFORD, 2004; DISSANAYAKE and LUNSFORD, 2002; 361 

DISSANAYAKE and LUNSFORD, 2003; EDWARDS et al., 2009; LANDON et al., 2003; 362 

LUNSFORD, 2003; POSPELOVA et al., 1961). Reaction pathways that lead to direct H2O2(aq) 363 

formation involve the hydrogenation of oxygen and H2 activation to form an HO2 surface 364 

intermediate, with H2O2 decomposition to H2O being inhibited, especially when 365 

dissolved halides are in solution (Cl-, Br-, F-, I-) (EDWARDS et al., 2008; LUNSFORD, 2003; 366 

POSPELOVA and KOBOZEV, 1961). Dissolved halides minimize the rate of H2O2 367 

decomposition by changing the electronic properties of the catalyst and by eliminating 368 

active lattice sites (CHOUDHARY and SAMANTA, 2006; CHOUDHARY et al., 2007). Thus, in 369 

the homogeneous H2-O2-H2O system of our study, the trace amounts of dissolved Cl- 370 
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used as chemical tracer likely had little effect on the yield of hydrogen peroxide 371 

synthesis. In deep sea hydrothermal environments, however, circulation of evolved 372 

seawater might play a role in enhancing the stability of hydrogen peroxide possibly 373 

formed in near-seafloor mixing zones. Likewise the surface of the Au/Ti reaction cell did 374 

not affect reactions, as native Au has been shown to be chemically inert (HAN et al., 375 

2007), with TiO2 exhibiting minimal effects on H2O2(aq) decomposition (HIROKI et al., 376 

2002; LIN et al., 1991).  377 

In our study, synthesis of metastable H2O2(aq) occurred at low temperature 378 

hydrothermal conditions (T < 150 oC) and in the absence of mineral or metal catalytic 379 

surfaces. The stability of H2O2 appears to be associated with the availability of both H2(aq) 380 

and O2(aq) in solution, further supporting the  role of H2-O2 redox disequilibrium in 381 

promoting synthesis of metastable oxidants. In effect, concentrations of H2O2 attained 382 

were significantly higher than those expected based on the kinetic rate of direct H2O2 383 

decomposition and maintained constant along extensive reaction times (~ hrs) (Fig. 5) 384 

(Table 4). Elevated H2(aq)/O2(aq) molar ratios and high H2(aq) concentrations enhance 385 

H2O2(aq) formation, even at temperatures as high as 130oC (Fig. 5), suggesting that 386 

conditions of elevated reduction potential might be required to facilitate synthesis of 387 

strong oxidants. This is consistent with previous studies proposing that H2(aq)/O2(aq) molar 388 

ratios might play a role in controlling the relative rates of the two competing reaction 389 

pathways of interest: H2 oxidation to H2O and/or H2O2 (CHINTA and LUNSFORD, 2004). 390 

In this reaction scheme, hydrogen peroxide is considered an intermediate/metastable 391 

phase towards water formation, and thus, it requires presence of both H2(aq) and O2(aq). In 392 

effect, synthesis of H2O2(aq) has been described as a hydrogenation reaction of O2 to 393 
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account for the stability of the O-O relative to the weak H-H bonds (EDWARDS et al., 394 

2008). 395 

Evidence for the catalytic effects of the elevated H2(aq)/O2(aq) ratios provides an 396 

explanation of the existence  of dissolved H2O2 in the 95 oC experiment. For example, 397 

H2(aq) injection after nearly 24 hrs of reaction resulted in a significant increase of H2O2(aq), 398 

the concentration of which eventually decreased following the gradual removal of O2(aq) 399 

through H2(aq) oxidation (Fig. 6). Accordingly H2O2 decomposition through 400 

hydrogenation to H2O (H2(aq) + H2O2(aq) → H2O) is kinetically favored over direct 401 

decomposition to H2O and to trace amounts of O2(aq), when compared to conditions prior 402 

to O2(aq) elimination. This is in agreement with previous observations (CHINTA and 403 

LUNSFORD, 2004; LANDON et al., 2003; POSPELOVA et al., 1961). Here, H2O radiolysis 404 

has been proposed to support communities of thermophilic H2-utilizing and sulfate 405 

reducing bacteria, without any apparent mechanism to allow removal of the oxidant 406 

radiolysis byproducts (e.g. H2O2) (LIN et al., 2005; LIN et al., 2006). The strong effect of 407 

H2(aq) in enhancing H2O2 decomposition under anaerobic conditions, as observed in our 408 

experiments, could potentially serve this role and in this way reduce oxidative stress for 409 

organisms living in such deep crustal fractures, in line with genomic data indicating a 410 

limited machinery to cope with oxidative stress (CHIVIAN et al., 2008).  411 

The counteracting oxidative effects of hydrogen peroxide occurrence under 412 

reducing conditions is completely unknown and might alter the extent of the oxic-anoxic 413 

zones developed during mixing of high-temperature anoxic hydrothermal fluid and cold 414 

oxygenated seawater at near-seafloor environments. Experimental data showing 415 

hydrothermal formation of H2O2(aq) at temperatures and pressures  typical of seafloor vent 416 
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environments could support the presence of dissolved H2O2(aq) in low-temperature diffuse 417 

fluids. In light of these results, we note that a number of hydrothermal vent bacteria, 418 

encompassing obligate anaerobes, potentially living in this mixing zone have been shown 419 

to have mechanisms to cope with oxidative stress, including the scavenging of 420 

endogenous H2O2 (CAMPBELL et al., 2009; MARKERT et al., 2007; NAKAGAWA et al., 421 

2007; VETRIANI et al., 2004; VOORDECKERS et al., 2008).  422 

The possibility of H2O2(aq) coexisting with Fe-oxides or dissolved Fe+2 at seafloor 423 

hydrothermal vents, could also provide a suitable catalytic substrate to promote formation 424 

of hydroxyl radicals (•OH). Possible reactions that facilitate radical formation in place of 425 

a non-radical H2O2(aq) decomposition to O2(aq) and H2O (Eq. 1), are closely related to the 426 

general scheme of Fenton-type chemistry (KWAN and VOELKER, 2003):  427 

Fe+2 + H2O2(aq) → Fe+3 + OH- + •OH  (6) 428 

This is a well-known reaction used extensively in environmental engineering for 429 

wastewater remediation, where formation of •OH enables the chemical oxidation of 430 

organic contaminants. While the reaction commonly involves Fe+2 dissolved in solution, 431 

magnetite has been shown to be the most catalytically effective Fe-oxide reactant, mainly 432 

due to coexistence of Fe+2 and Fe+3 on the octahedral sites of the mineral lattice (COSTA 433 

et al., 2006; MOURA et al., 2006). A recent experimental study has indeed demonstrated 434 

the role of magnetite-catalyzed Fenton reaction in promoting H2O2(aq) decomposition and 435 

hydroxyl radical formation under low temperature hydrothermal conditions (80-150 oC;  436 

172-241 bar) (FOUSTOUKOS AND STERN, 2010). Undoubtedly, the likelihood of dissolved 437 

hydroxyl radicals being stable in diffuse flow fluids, when coexisting with Fe-oxides, has 438 

important implications for a number of geochemical and biochemical processes occurring 439 
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in near-seafloor hydrothermal sites. Fluxes of such strong oxidants (e.g. H2O2, •OH) will 440 

impose significant constraints on redox conditions in seawater/hydrothermal fluid 441 

mixtures, affecting not only the kinetic rates of homogeneous H2(aq) oxidation, but also 442 

the distribution of dissolved alkanes and carboxylic acids in diffuse flow hydrothermal 443 

vent fluids. This process may be important in decreasing the flux of dissolved organic 444 

carbon (DOC) in low-temperature vent fluids, and thus, serve as a plausible mechanism 445 

to explain the DOC-depleted diffuse fluids sampled at Bay Bare Seamount and ODP 446 

Hole 1026B; off-axis sites near Juan de Fuca Ridge (LANG et al., 2006).  447 

 448 

5. Conclusions 449 

We conducted a series of open and closed system experiments utilizing flow-450 

though and flexible Au/Ti reaction cells to examine the effect of temperature on H2(aq)-451 

O2(aq) equilibria. These experiments involved mixing of H2(aq)- and O2(aq)-bearing aqueous 452 

solutions at temperature and pressure conditions reflecting near-seafloor hydrothermal 453 

environments (55-250 oC and 242-497 bar). This fundamental redox equilibria expressed 454 

through the Knallgas reaction has been shown to proceed instantaneously to 455 

thermodynamic equilibrium at elevated temperatures and pressures (SEEWALD, 1994). 456 

Results in our experiments, however, revealed that H2(aq) oxidation is inhibited as 457 

temperature decreases, allowing for development of excess H2(aq) in solution and, most 458 

importantly, promoting the stability of hydrogen peroxide as a metastable intermediate 459 

phase evolving along the reaction pathway for water formation.  460 

The slow reaction rate of H2(aq)-O2(aq) redox equilibrium and the synthesis of 461 

hydrogen peroxide at low temperatures may influence the oxidation of dissolved organic 462 
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species in an unpredictable way. For example, the relatively sluggish rate of oxidation of 463 

short-chain alkanes predicted for low temperature chemical alteration can be overturned 464 

by the oxidation effects of such a strong oxidant. Thus, formation of hydrogen peroxide 465 

during H2-O2-H2O disequilibria at temperatures lower than 130oC suggests that the 466 

oxidation of alkanes could occur under hydrothermal conditions, providing a possible 467 

mechanism to produce molecules that have relevance for prebiotic chemistry, such as 468 

methanol and formaldehyde that serve as intermediates during methane oxidation to CO2 469 

and CO. Formation of these metastable phases at low temperatures will provide new 470 

insights on the availability of complex organic compounds in hydrothermal environments 471 

and impose important constraints on the habitability of other planetary bodies containing 472 

liquid water. 473 
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Table 1. Distribution of dissolved H2 and O2(aq) in fluid samples 
retrieved from hydrothermal experiments at 100 oC and 500 bar 

(Houghton, 2003). 
Reaction 

time H2aq) O2aq) Rate constant (kH2) 
(hrs) (mmol/kg) (mmol/kg) (s-1)  

0 2.012 1.104 5.45 x 10-5 ± 1.7 x 10-6 
0.5 1.443 0.809 r2 = 0.84 
2 0.976 0.023  
4 0.865 n.d.  
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Table 2. Results of flow-through experiments on H2O2(aq) decomposition at 60-200 oC and 242 bar. 
 Fluid  flow rate Reaction time H2O2(aq) 2σ a Rate constant (k) 

  (ml/min) (sec) (mmol/kg) (mmol/kg) (s-1)  
      

T = 60 oC     5.77 x 10-5  ± 2.310-5  
 start  1.995 0.02 r2 = 0.47 
 0.66 310 1.752 0.02  
 0.66 310 1.845 0.02  
 0.33 621 1.686 0.02  
 0.33 621 1.845 0.02  
 0.22 931 1.799 0.02  
 0.22 931 1.750 0.02  
 0.11 1862 1.656 0.02  
 0.11 1862 1.732 0.02  
      

T = 90 oC     2.48 x 10-4   ± 6.9 x 10-5   
 start  1.092 0.012 r2 = 0.72 
 0.685 299 1.010 0.016  
 0.685 299 1.032 0.012  
 0.228 898 0.666 0.012  
 0.228 898 0.860 0.012  
 0.114 1796 0.733 0.012  
 0.114 1796 0.673 0.012  
      

T = 120 oC     1.43 x 10-3   ± 5.8 x 10-5   
 start  1.995 0.02 r2 = 0.99 
 0.66 310 1.255 0.02  
 0.66 310 1.415 0.061  
 0.33 621 1.108 0.015  
 0.33 621 1.065 0.063  
 0.22 931 0.545 0.02  
 0.22 931 0.677 0.02  
 0.11 1862 0.159 0.02  
      

T = 150 oC     2.11 x 10-3   ± 2.3 x 10-4   
 start  1.092 0.012 r2 = 0.95 
 1.37 149 0.853 0.012  
 0.685 299 0.583 0.012  
 0.685 299 0.591 0.012  
 0.342 599 0.363 0.04  
 0.342 599 0.290 0.04  
      

T = 180 oC     4.29 x 10-5   ± 3.3 x 10-4   
 start  1.995 0.02 r2 = 0.98 
 1.32 155 0.951 0.02  
 1.32 155 0.913 0.02  
 0.66 310 0.545 0.02  
 0.66 310 0.479 0.02  
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T = 200 oC     5.51 x 10-3   ± 3.1 x 10-4   
 start  1.092 0.012 r2 = 0.99 
 1.32 155 0.951 0.02  
 1.32 155 0.913 0.02  
 0.66 310 0.545 0.02  
 0.66 310 0.479 0.02  

a Analytical errors reported are the larger values of errors associated with instrument calibration and duplicate 
analysis of individual samples. 

The volume of the titanium reactor, including tubing situated within the high temperature zone, is 3.413 ml. 

 483 
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Table 3. Concentrations of dissolved H2(aq) and H2O2(aq)  measured in samples collected during flow-through experiments on H2 
oxidation at 200-250 oC and 242 bar. 

 
Fluid  flow 

rate 
Reaction 

time H2aq) H2O2(aq) 2σ a pH Rate constant (kH2) 
  (ml/min) (sec) (mmol/kg) (mmol/kg) (mmol/kg) (25 oC) (s-1)  

T = 200 oC       4.11 x 10-4   ± 4.0 x 10-5 
start (25 oC)  2 102 0.638 2.249 0.009 5.9 r2 = 0.93 
start (25 oC) 2 102 0.646 2.341 0.009 6.0  

 2 102 0.596 1.136 0.012 6.0 kH2O2 = 1.63 x 10-2 ± 8.5 x 10-3 
 0.678 300 0.515 0.079 0.007 6.6 r2 = 0.55 
 0.678 300 0.549 0.061 0.001 6.1  
 0.678 300 0.542 0.021 0.007 6.5  
 0.226 900 0.435 b.d.  6.4  
 0.226 900 0.456 b.d.  5.8  
 0.226 900 0.426 b.d.  6.2  
 0.226 900 0.455 b.d.  6.2  
        

T = 250 oC       5.35 x 10-4 ± 3.2 x 10-5 
start (25 oC)  2 102 0.638 2.410 0.033 6.0 r2 = 0.98 
start (25 oC) 2 102 0.627 2.495 0.035 6.2  

 2 102 0.602 0.205 0.014 6.3 kH2O2 = 1.71 x 10-2 ± 4.3 x 10-3 
 2 102 0.605 0.212 0.024 6.2 r2 = 0.76 
 0.685 297 0.514 n.a.  6.5  
 0.685 297 0.499 0.019 0.029 6.5  
 0.685 297 0.541 0.005 0.008 6.3  
 0.228 892 0.380 b.d.  6.6  
 0.228 892 0.398 b.d.  6.7  
 0.228 892 0.391 b.d.  6.4  

a Analytical errors reported are the larger values of errors associated with instrument calibration and duplicate analysis of individual 
samples. 

Errors for dissolved H2(aq) analysis are ± 5%. The volume of the titanium reactor, including tubing situated within the high 
temperature zone, is 3.390 ml. 
b.d.: below detection limit 
n.a.: not analyzed 
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Table 4. Concentrations of dissolved aqueous species during H2 oxidation in closed system hydrothermal experiments at 55-130 oC and 297-
497 bar. 

 P 
Reaction 

time H2aq) O2aq) H2O2(aq) 2σ a pH Cl c Rate constant (kH2) 
  (bar) (min) (mmol/kg) (mmol/kg) (mmol/kg) (mmol/kg) (25 oC) (ppm) (s-1)  

T = 55 oC         2.69 x 10-5 ± 3.2 x 10-6 
start     8.00 0.04 5.8 15 r2 = 0.94 

 234 874  4.00b b.d.  6.1   
 299 895  4.00b b.d.  5.8   

Injection of aqueous solution containing 32 mmol/kg H2(aq) – Final concentration of 4.45 mmol/kg   
 326 92 3.99 3.44b b.d.  6.7   
 299 135 3.84 n.a b.d.  6.8 42  
 276 185 3.01 n.a b.d.  6.6   
 315 241 2.89 n.a b.d.  6.3   
 308 347 2.43 n.a b.d.  6.2 37  
 276 427 2.40 n.a b.d.  6.3   
          
          

T = 130 oC         7.63 x 10-5 ± 1.1 x 10-5 
start     7.92 0.04 5.0 16 r2 = 0.89 

 411 110  3.96b b.d.     
Injection of aqueous solution containing 32 mmol/kg H2(aq) – Final concentration of 4.51 mmol/kg   

 307 47 3.15 3.40b 0.008 0.0002 5.6 28  
 355 62 2.86 n.a 0.012 0.0003 5.6   
 335 92 2.62 n.a 0.008 0.0002 5.7   
 328 107 2.17 n.a 0.018 0.0003 5.4   
 320 122 2.77 n.a 0.015 0.0002 5.5 27  
 302 152 2.11 n.a 0.010 0.0002 5.6 32  
 329 182 1.77 n.a 0.009 0.0002 5.4   
          
          

T = 125 oC         1.89 x 10-4 ± 4.3 x 10-6 
start     12.39 0.12 4.5  r2 = 0.99 

 397 133  5.86 b.d.  6.0 13  
 383 139  5.94 b.d.     

Injection of aqueous solution containing 40 mmol/kg H2(aq) – Final concentration of 5.9 mmol/kg   
 424 42 4.61 4.23 0.113 0.0004 5.9   
 435 57 2.54 2.92 0.110 0.0003 6.0   
 401 68 2.76 3.32 0.124 0.0009 6.1   
 393 87 2.04 2.80 0.077 0.0003 n.a 34  
 343 129 1.31 2.41 0.051 0.0007 6.0   
 450 157 0.965 2.04 0.038 0.0003 n.a   
 364 184 0.677 2.32 0.025 0.0002 5.9   
 395 213 0.480 2.13 0.029 0.0002 6.0   
 402 242 0.337 1.84 0.006 0.0002 6.0   
 391 291 0.245 1.71 0.008 0.0002 5.7 28  
 397 335 0.129 2.21 0.005 0.0002 5.9   
 355 391 0.060 1.66 b.d.  n.a   
 329 421 0.058 2.14 b.d.  n.a   
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T = 95 oC         4.37 x 10-5 ± 3.7 x 1 0-6 

start     11.81 0.12 4.7  r2 = 0.94 
 499 171  4.85 b.d.  5.6 11  
 468 184  4.82 b.d.     

Injection of aqueous solution containing 53 mmol/kg H2(aq) – Final concentration of 8.0 mmol/kg   
 497 50 7.46 4.48 0.064 0.0008 6.0   
 450 79 6.43 3.86 0.123 0.0002 6.0   
 456 105 5.19 3.28 0.154 0.0011 5.9 36  
 439 134   0.149 0.0004 n.a   
 458 149 5.42 3.36 0.154 0.0010 5.9   
 457 182 5.06 3.24 0.172 0.0010 5.8   
 409 211 4.22 2.85 0.148 0.0002 n.a   
 412 240 4.55 3.09 0.145 0.0002 5.9 28  
 428 252 4.05 2.65 0.147 0.0004 n.a 33  
 403 289 3.47 2.48 0.156 0.0002 6.0   
 419 322 3.57 2.71 0.118 0.0002 5.9   
 440 360 2.27 1.88 0.100 0.0008 5.9   
 411 1426 0.388 1.33 0.013 0.0003 n.a   
 389 1451 0.365 1.22 0.011 0.0002 6.7 35  

Injection of aqueous solution containing 45 mmol/kg H2(aq) – Final concentration of 8.16 mmol/kg   
 471 29 8.73 0.44 0.047 0.0004 6.8   
 435 110 3.68 0.42 0.048 0.0002 n.a   
 411 123 4.46 0.10 0.036 0.0002 6.9 67  
 428 154 6.46  0.003 0.0001 6.7 64  
 447 163 5.40  b.d.  n.a   
          

a Analytical errors reported are the larger values of errors associated with instrument calibration and duplicate analysis of individual samples. 
Errors for dissolved H2(aq) and O2(aq) analysis are ± 5%. Oxygen compositions have been adjusted to account for contributions from atmospheric 
O2. 
b Dissolved O2 concentrations estimated assuming complete decomposition of H2O2(aq) 
c Dissolved chloride concentration in the injected aqueous solution is 176 ppm. Fluids were spiked with chloride to better constrain final 
mixing ratios in the batch reactor, and estimate the dissolved H2 concentrations attained immediately after injection of the H2-bearing aqueous 
solutions. 
b.d.: below detection limit 
n.a.: not analyzed 
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Figure 1. Decomposition of H2O2(aq) in the homogeneous H2O2-H2O system at 60-200 oC 489 

and 242 bar. (a) Experimental data indicate first-order reaction rate supported by the 490 

linear correlation between the natural logarithm values of H2O2(aq) concentrations and 491 

reaction time. The slope of the line defines the kinetic rate constant (kH2O2) at a range of 492 

temperatures, and allows temperature-dependent decay rates to be described in an 493 

Arrhenius plot (b). Results are in good agreement with previous studies of H2O2 494 

decomposition that involved titanium and Inconel 625 reactors. Furthermore, rates of 495 

H2O2 decay in the H2-enriched experiments conducted by utilizing a flexible Au/Ti 496 

reaction cell at temperatures of 200-250 oC (Table 3), are consistent with the kinetic rate 497 

law constants (A, Ea) determined from the lower temperature experimental data. 498 

 499 

 500 
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a.

b.

 501 
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Figure 2. Arrhenius plot and rate constants of H2 oxidation in presence of dissolved O2(aq) 502 

at temperatures ranging from 55oC to 250oC and pressures of 242 - 497 bar. (a). The first 503 

order temperature-dependent oxidation rate of H2(aq) is described with an activation 504 

energy (Ea)  of 24 ± 3.4 kJ/mole and an pre-exponential factor (A) of 6.7 ± 6.7 s-1, 505 

resulting in reaction half-times that range from 22 minutes to 430 minutes at 250oC and 506 

55oC respectively. Arrhenius parameters also include the kinetic rate constant measured 507 

at 100oC – 500 bar by Houghton (2003) (Table 1). (b). Experimental observations and 508 

model results provide evidence of strong H2-O2 disequilibrium at low temperatures that 509 

allows excess H2(aq) and establishment of highly reducing conditions. Estimated half-life 510 

of H2O2(aq) decay is nearly an order of magnitude lower than that of H2(aq) oxidation and is 511 

approximately 200 and 2 min at 60oC and 200oC, respectively.512 
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 513 

Figure 3. Theoretical modeling of the distribution of H2(aq) and O2(aq) during mixing 514 

between high-temperature H2(aq)-enriched hydrothermal fluid and oxygenated seawater, 515 

performed with compositional constraints described by McCollom and Shock (1997), 516 

while utilizing the experimentally derived kinetic rate of H2 oxidation from the present 517 

study. Equilibrium conditions develop a sharp redox gradient at 38oC, in agreement with 518 

previous studies (MCCOLLOM and SHOCK, 1997). Mixing processes occurring at different 519 

residence times (0.1-10 hrs), however, reveal formation of fluids highly enriched in both 520 

H2(aq) and O2(aq) at a range of temperatures, weakening the presence of a sharp oxic/anoxic 521 

interface. This, in turn, might have important implications for the distribution of 522 

anaerobic, microaerophilic and aerobic chemolithoautotrophs at diffuse flow vent sites 523 

and within near-vent subsurface environments by allowing for enhanced microbial 524 

diversity at a wide range of temperature and redox conditions.  525 
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 526 
Figure 4. Energetics of the Knallgas reaction as function of available O2(aq) in solution. 527 

Under equilibrium conditions, abundant presence of H2(aq) at concentrations ranging from 528 

100 µM to 100 mM results in strictly anaerobic conditions. The presence of microaerobic 529 

O2(aq) concentrations reflecting the tolerance limits of NO3-reducers (2 - 54 µM) (shaded 530 

box), however, has a great affinity to provide bioavailable energy at levels that permit 531 

respiratory denitrification to be more favorable over ammonification. Thus, the 532 

adaptability of anaerobic microorganisms to utilize trace amounts of O2(aq) might greatly 533 

affect microbial diversity at subsurface habitats as it can control metabolic pathways (e.g. 534 

denitrification vs ammonification) developed along complex and dynamic redox 535 

gradients. Gibbs energy calculations for the Knallgas reaction were performed following 536 
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methodologies discussed in other theoretical studies (MCCOLLOM and SHOCK, 1997; 537 

SHOCK and HOLLAND, 2004). 538 
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b.
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Figure 5. Experimental results of metastable H2O2(aq) formation under elevated H2/O2 541 

molar ratios and temperatures between 95 oC and 130 oC (242-497 bar). Dissolved 542 

H2O2(aq) concentrations attained values (0.002 – 0.156 mmol/kg) significantly higher than 543 

those predicted based on rates of direct H2O2 decomposition to H2O and O2(aq). The yield 544 

of H2O2(aq) is dependent on both H2(aq) and O2(aq) concentrations. However, highly 545 

reducing conditions appear to increase the extent of metastable equilibria between H2, O2 546 

and H2O2. Under these conditions, direct decomposition of hydrogen peroxide is 547 

suppressed and the H2O2(aq) hydrogenation to H2O might have reached a steady-state 548 

condition likely due to the presence of highly enriched H2(aq) solutions. This is clearly 549 

demonstrated at 95 oC, where elevated H2/O2 molar ratios were sustained for reaction 550 

times of nearly 24 hrs. 551 
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 552 
Figure 6. The catalytic effect of elevated H2(aq)/O2(aq) ratios on enhancing synthesis of 553 

H2O2 at low temperature hydrothermal conditions. Injection of H2(aq) in the Au/Ti 554 

reaction cell after nearly 24 hrs of H2 oxidation at 95 oC resulted in a significant increase 555 

in dissolved H2O2(aq) concentrations, supporting the effect of elevated H2(aq)/O2(aq)  on the 556 

yield of dissolved oxidants. Furthermore, results are indicative of kinetically favored 557 

H2O2 decomposition through the reaction pathway involving hydrogenation to H2O based 558 

on the elimination of H2O2(aq) observed after O2(aq) removal from solution. In effect, this 559 

might have implications for the habitability of deep crustal environments controlled by 560 

the distribution of H2O radiolysis products (e.g. H2, H2O2, OH radicals) and the 561 

availability of electron donors for anaerobic metabolism (e.g. H2), such as the volcanic 562 

units in the Witwatersrand Basin, South Africa.563 
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