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Abstract 23 

 Recent studies have identified carbonaceous material in serpentinite bodies, but 24 

whether these deposits have a biologic or abiotic origin remains uncertain. In this work, 25 

thermodynamic calculations were performed to examine the potential for abiotic condensed 26 

carbonaceous material to be produced from serpentinization-derived fluids under 27 

hydrothermal conditions. Calculation of reaction pathways during serpentinization of olivine 28 

showed that fluid compositions should equilibrate with condensed carbonaceous material, 29 

which controls the H2 and CO2 activities. Fluids from laboratory serpentinization experiments 30 

and from the Lost City and the Rainbow hydrothermal field are shown to be consistent with 31 

this model. The predictions indicate that carbonaceous material should be the dominant 32 

carbon product of CO2 reduction in these hydrothermal settings, which would have significant 33 

implications for a number of processes, including the deep Earth carbon cycle by creating a 34 

pool of relatively immobile reduced carbon, the extent of H2 production in ultrabasic 35 

environments, and mechanisms leading to abiotic reduced carbon compounds. 36 

  37 



1. INTRODUCTION 38 

It is widely recognized that the serpentinization of ultramafic rocks creates strongly 39 

reducing conditions that are favorable for abiotic reduction of inorganic carbon. Indeed, there 40 

is mounting evidence that fluids discharged from actively serpentinizing systems contain 41 

methane, formate and other simple organic compounds formed by abiotic carbon reduction 42 

within these systems (Charlou et al., 2002, 2010; Proskurowski et al., 2008; Lang et al., 2010; 43 

Etiope et al., 2013a, 2013b; Etiope and Sherwood Lollar, 2013; McDermott et al., 2015). In 44 

addition, a number of laboratory studies have demonstrated that methane and other small 45 

organic compounds can be generated from reduction of inorganic carbon at conditions 46 

simulating those of hydrothermal serpentinization fluids (Berndt et al., 1996; Horita and 47 

Berndt, 1999; McCollom and Seewald, 2001, 2003; Foustoukos and Seyfried, 2004; Seewald 48 

et al., 2006; Fu et al., 2007).  49 

In general terms, the serpentinization of ultramafic rocks can be represented by the 50 

reaction: 51 

(Mg,Fe)2SiO4 + (Mg,Fe)SiO3 + H2O  (Mg,Fe)3Si2O5(OH)4 ± (Mg,Fe)(OH)2 + Fe3O4 + H2 (1) 52 

          olivine         orthopyroxene                        serpentine                   brucite        magnetite 53 

The generation of H2 during this process results from oxidation of ferrous iron (Fe
II
) released 54 

by the primary minerals through reaction with H2O, producing ferric iron (Fe
III

) that 55 

precipitates in magnetite or serpentine. The formation of methane and other organic 56 

compounds is generally thought to proceed from reduction of inorganic carbon by the H2 57 

generated by Rxn. 1, which can be expressed in general as: 58 

CO2 + H2  CH4    +    C2H6    +    HCOOH + … + H2O   (2) 59 

             methane      ethane        formic acid 60 



While the evidence for abiotic generation of small organic compounds during 61 

serpentinization has gotten stronger over the last couple of decades, it has remained uncertain 62 

whether carbon reduction extends to more complex compounds. Holm and Charlou (2001) 63 

observed long-chain hydrocarbons (C16 - C29) in extracts of hydrothermal fluids from the 64 

ultramafic-hosted Rainbow system on the Mid-Atlantic Ridge (MAR) which they inferred 65 

were derived from abiotic reduction of inorganic carbon by Fischer-Tropsch-type (FTT) 66 

processes. However, subsequent studies have not found any definitive evidence for long-chain 67 

hydrocarbons or other high-molecular-weight organic compounds with an abiotic origin at 68 

Rainbow or at other ultramafic-hosted sites on the MAR (Konn et al., 2009, 2012; McCollom 69 

et al., 2015). Delacour et al. (2008) identified a number of long-chain linear alkanes 70 

resembling those produced by FTT reactions in serpentinized rocks recovered near the Lost 71 

City hydrothermal field. However, the presence of biomarker compounds such as pristine and 72 

phytane indicated that there was a substantial contribution of biologically derived organic 73 

matter to the rocks, making evaluations of a possible abiotic source for the alkanes equivocal. 74 

In samples of deep altered oceanic crust, Shilobreeva et al. (2011) measured bulk carbon with 75 

a heavy isotopic composition that they explained as a mixture between carbonate and organic 76 

compounds produced from the abiotic reduction of magmatic CO2. Recent studies by Ménez 77 

et al. (2012) and Pasini et al. (2013) identified macromolecular carbon deposits in 78 

serpentinites recovered from the subseafloor, which were interpreted to be ultimately derived 79 

from biological organisms. Over the years, several studies reported the occurrence of graphite 80 

associated with serpentinites (e.g., Krishnarao, 1964; Chidester, 1978; Pasteris, 1981, 1988; 81 

Luque et al., 1992, 1998; Miura et al., 2011; Galvez et al., 2013; Kawamoto et al., 2013). 82 

Although it has been suggested that these graphite deposits precipitated from reduction of 83 

CO2 transported into the rocks by hydrothermal fluids, it remains undetermined how they 84 

actually formed. 85 



A number of laboratory experimental studies have been performed to examine 86 

inorganic carbon reduction during serpentinization. However, these studies have 87 

predominantly focused on formation of CH4 and light hydrocarbons (e.g., Berndt et al., 1996; 88 

Horita and Berndt, 1999; McCollom and Seewald, 2001, 2003; Foutoukos and Seyfried, 2004; 89 

Fu et al., 2007). In some of these studies, mass balance calculations indicate decreases in the 90 

amounts of dissolved inorganic carbon and of H2 that cannot be completely accounted for by 91 

production of methane and other small organic molecules, suggesting the possibility that more 92 

complex reduced carbon compounds had formed during the experiments. For example, Fu et 93 

al. (2007) observed formation of dissolved CO and C1-C3 hydrocarbons during reaction of 94 

magnetite with CO2- and H2-bearing aqueous fluids at 400°C and 50 MPa. Mass balance 95 

calculations, however, indicated that ~14% of the inorganic carbon that had been included at 96 

the start of the experiments could not be accounted for by the observed products. Those 97 

authors suggested that more complex organic compounds had formed, such as longer-chain 98 

hydrocarbons. Similarly, in a recently completed series of hydrothermal serpentinization 99 

experiments with olivine as the reactant by McCollom et al. (2016), the amounts of H2 100 

produced during the experiments were up to 20% less than the amounts that should have been 101 

generated based on the Fe
III

 present in the reaction products. Since only trace amounts of 102 

methane and other dissolved organic compounds were observed, these results suggest that 103 

some other forms of reduced carbon may be required to account for the “missing” H2.  104 

These findings prompted us to investigate the potential for production of insoluble 105 

abiotic carbonaceous material during serpentinization. Thermodynamic calculations were 106 

performed to explore the ability of carbonaceous material to form and to control the H2 and 107 

CO2 compositions of aqueous fluids as the serpentinization reaction proceeds. The 108 

compositions of experimental and natural fluids reported in the literature are interpreted in the 109 

context of these thermodynamic models. The results have implications for diverse geologic 110 



disciplines including global carbon cycling, metamorphic petrology, and subsurface 111 

microbiology.  112 

 113 

2. METHODOLOGY 114 

To place the composition of natural and experimental fluids in a thermodynamic 115 

context, equilibrium phase diagrams were constructed for the Fe-O-H-C system. Comparison 116 

between fluid compositions and mineral stability domains allows the solid phases expected to 117 

precipitate at equilibrium to be identified, and to interpret which phases, if any, might control 118 

the fluid composition. The stability domains of minerals involved in the serpentinization 119 

reaction were calculated at temperatures from 100 to 400°C and pressures of 35 and 50 MPa 120 

using parameters generated with the SUPCRT92 package (Johnson et al., 1992), which 121 

incorporates thermodynamic data from Helgeson et al. (1978) for minerals, and Shock and 122 

Helgeson (1988) and Shock et al. (1989, 1997) for dissolved inorganic aqueous species.  123 

Predictions of the compositional paths of the fluid and coexisting solids as 124 

serpentinization proceeds were calculated with the geochemical code CHESS (van der Lee et 125 

al., 2002). The CHESS software simulates reactions between minerals and fluids, and 126 

determines the compositions of minerals and coexisting fluids at thermodynamic equilibrium 127 

through minimization of the Gibbs energy of the overall system for a given temperature at 128 

steam saturation pressure. By taking into account mass balance, this model allows 129 

investigation of constraints on mineral and fluid composition that cannot be studied from 130 

activity diagrams alone.  131 

To obtain information on the evolution of fluid compositions during serpentinization of 132 

olivine, increments of olivine were added to the models and allowed to react with the fluid 133 

while keeping pressure, temperature, and the total amount of fluid constant. We stopped 134 



increasing the amount of reacting olivine when a water:olivine mass ratio of ~ 2 was reached, 135 

which is roughly equivalent to the ratio used in number of serpentinization experiments (e.g., 136 

Berndt et al., 1996; McCollom and Seewald, 2001; Jones et al., 2010). This process simulates 137 

systems where the progress of serpentinization is limited by slow dissolution of olivine while 138 

precipitation of secondary minerals occurs at equilibrium. This assumption appears to be 139 

consistent with laboratory studies of serpentization under hydrothermal conditions where 140 

olivine is observed to gradually decompose while serpentine, brucite, magnetite and carbonate 141 

minerals precipitate rapidly in apparent equilibrium with the fluid (Berndt et al., 1996; 142 

McCollom and Seewald, 2001; Jones et al., 2010; Malvoisin et al., 2012; McCollom et al., 143 

submitted).  144 

The CHESS calculations were performed with the LLNL EQ3/6 database version 8 145 

release 6 (e.g., Wolery and Jove-Colon, 2004) and activity coefficients of the aqueous species 146 

were calculated using the truncated-Davies formula (Chandratillake and Robinson, 1990). The 147 

LLNL EQ3/6 database contains equilibrium constants for formation reactions at steam 148 

saturation pressure (Psat). In Figure 1, compositional paths of the fluid are calculated at Psat 149 

with the CHESS software and plotted in stability diagrams calculated at elevated pressure (35 150 

MPa) with the SUPCRT92 package. Since pressure has relatively little effect on 151 

thermodynamic equilibria involving condensed phases and dissolved aqueous species, the 152 

differences between the two calculations are low and are neglected herein. Numerous organic 153 

compounds are present by default in the LLNL EQ3/6 database. However, most of these are 154 

not relevant to the model calculations as they are not expected to form at equilibrium with the 155 

fluid due to kinetic limitations. Indeed, formation of methane and most other organic 156 

compounds is known to be highly sluggish at the conditions of serpentinization and 157 

significant formation of methane requires the presence of specific mineral catalysts (Horita 158 

and Berndt, 1999; Seewald et al., 2006). Overall, these compounds represent only a small 159 



fraction of the carbon mass balance during experimental simulation of serpentinization (e.g., 160 

Berndt, 1996, McCollom and Seewald, 2001, 2007; Foustoukos and Seyfried, 2004; Seewald 161 

et al., 2006). On the other hand, formate and formic acid are expected to rapidly equilibrate 162 

with the fluids under serpentinization conditions (McCollom and Seewald, 2003; Seewald et 163 

al., 2006). Accordingly, a limited set of organic compounds was included in the models as 164 

summarized in Table 1. The organic compounds were chosen based on their stability under 165 

the studied serpentinization conditions. Furthermore, some calculations were performed that 166 

excluded selected organic species from the equilibrium calculations to test the influence of 167 

kinetic limitations on the predicted speciation of carbon compounds (Table 2).  168 

Two different phases of condensed carbonaceous material were considered in the 169 

calculations. The stability domains of carbonaceous materials with relatively high 170 

organization state (referred to herein as “graphitic carbon”) were calculated by assuming that 171 

this phase had thermodynamic properties similar to those of graphite, which is consistent with 172 

the experimental results of Milesi et al. (2015). To investigate the possibility that a more 173 

hydrogenated phase of condensed carbon forms during serpentinization, anthracene (C14H10), 174 

a polycyclic aromatic hydrocarbon (PAH) consisting of three fused benzene rings, was 175 

adopted as a proxy for this phase in some calculations (referred to herein as “hydrogenated 176 

carbon”). Nominally, this compound is intended as a proxy for solid, poorly ordered 177 

carbonaceous materials akin to kerogen. Stability domains of various aliphatic and aromatic 178 

hydrocarbons were calculated for comparison with that of anthracene (Fig. A1). The low 179 

variability between the stability domains supports the use of anthracene as a proxy for a 180 

hydrogenated phase of condensed carbon. Thermodynamic data for anthracene are from 181 

Richard and Helgeson (1998). 182 

The starting conditions of the reaction path calculations mostly aim to parallel those of 183 

the experimental studies of Berndt et al. (1996), McCollom and Seewald (2001) and 184 



McCollom et al. (2016). In the calculations as well as in the experimental studies, the reactant 185 

olivine has an Mg-rich composition (~Fo90), representative of the chemical composition of 186 

this phase in peridotites recovered from the seafloor (Früh-Green et al., 1996, 2004; Mével 187 

and Stamoudi, 1996). The input constraints for the reaction path models, including which 188 

reduced carbon species are taken into account in each calculation, are listed in Table 2. 189 

Three compositional paths (Path-1, -2 and -3) were calculated at 300°C with an 190 

aqueous solution containing initially 0.5 mol·L
-1

 of NaCl and 20 mmol·L
-1

 of NaHCO3 to 191 

provide a source of carbon. This results in dissolved inorganic carbon levels similar to those 192 

used in the laboratory experiments, but ~8 higher than the levels of seawater. At the last 193 

increase of the amount of reacting olivine, the water:rock ratio consists of 20 g of olivine for 194 

40 mL of aqueous solution. The three compositional paths differ in the reduced carbon species 195 

that are allowed to form at equilibrium with the fluid. In Path-1, all organic species listed in 196 

Table 1 are considered to equilibrate with the fluid. In Path-2, alkanes are excluded from the 197 

calculation. In Path-3, graphite is removed from the equilibrium system, and no reduced 198 

carbon species other than anthracene, carbon monoxide and formic acid are allowed to form. 199 

An additional compositional path (Path-4) is calculated with similar starting conditions as 200 

Path-2, but with an initial amount of NaHCO3 of 100 mmol·L
-1

 to ensure saturation with 201 

respect to carbonate minerals and allow investigation of the role of carbonate mineral 202 

precipitation on fluid composition.  203 

For comparison with the thermodynamic models, activities of dissolved H2 and CO2 204 

during laboratory serpentinization experiments and in fluids venting from natural 205 

serpentinizing systems were calculated based on measured fluid compositions. The 206 

serpentinization experiments considered included those of Berndt et al. (1996), McCollom 207 

and Seewald (2001) and McCollom et al. (2016) that initially contained olivine and an 208 

aqueous solution containing dissolved inorganic carbon, primarily in the form of bicarbonate 209 



(HCO3
-
). Experiment #1 of Fu et al. (2007) was conducted at 400°C and 50 MPa with 210 

magnetite and an aqueous solution with 170 mmolal of formic acid used as the primary source 211 

of dissolved carbon and hydrogen. In addition to consider the measured fluid compositions, 212 

H2(aq) and CO2(aq) compositions in the early stage of the experiment were estimated by 213 

assuming a rapid decomposition of the initial amount of 170 mmolal of formic acid according 214 

to the reaction: 215 

HCOOH = H2 + CO2      (3) 216 

Experiments of McCollom and Seewald (2003) of decomposition of formic acid in aqueous 217 

solution at 250°C and 350 bar showed a rate constant for Reaction (3) of 1·10
-5

, meaning that 218 

90% of the initial amount of formic acid decomposed in ~28 h. Higher decomposition rate are 219 

expected at the pressure and temperature conditions of the Fu et al. experiment such that it is 220 

reasonable to consider that early H2(aq) and CO2(aq) concentrations were both ~170 mmol·L
-1

 in 221 

Experiment #1. 222 

The concentration of total dissolved inorganic carbon is usually expressed as DIC or 223 

ƩCO2(aq) in the literature (ƩCO2(aq) = CO2(aq) + HCO3
-
 + CO3

2-
), and was converted into CO2 224 

activity for purposes of plotting in phase stability diagrams. The equilibrium speciation of 225 

ƩCO2(aq) was calculated at the in situ temperature, pressure and pH reported for the 226 

experiments or natural fluids using thermodynamic parameters generated with the SUPCRT92 227 

package. Conversion between activity and molality was performed using the activity 228 

coefficients calculated with the CHESS software according to the truncated-Davies model. 229 

Neutral species such as dissolved CO2(aq) and H2(aq) were assumed to have activity coefficients 230 

equal to one.  231 

 232 

3. RESULTS  233 



3.1. Reaction path calculations 234 

Calculated mineral stability domains as a function of H2(aq) and CO2(aq) activities at 235 

300°C and 35 MPa are shown in Figure 1. Note that olivine is thermodynamically unstable 236 

with respect to the other Fe-bearing phases shown in the diagram at this temperature (see 237 

McCollom and Bach, 2009). Equilibrium with hydrogenated carbonaceous material as 238 

represented by anthracene is achieved for fluid compositions with higher H2(aq) and CO2(aq) 239 

activities than those required for the formation of graphitic carbon. That is, at the H2(aq) and 240 

CO2(aq) activities where graphite is predicted to occur in equilibrium with the fluid, 241 

hydrogenated carbonaceous material is thermodynamically unstable. The evolution of 242 

calculated equilibrium activities of dissolved H2(aq) and CO2(aq) during reaction paths for 243 

serpentinization of olivine are projected onto the mineral domain in Figure 1. In these 244 

calculations, the olivine is incrementally converted to secondary products that include 245 

serpentine, brucite and magnetite (plus magnesite in the case of Path-4). The carbon 246 

speciation, calculated as the percentage of carbon represented by a given species normalized 247 

to the total amount of carbon in the system, as well as the fluid pH are plotted as a function of 248 

the reaction progress for each of the reaction pathways in Figure 2. At the calculated values of 249 

fluid pH, the total concentrations of formate plus formic acid (ƩHCOOH) and acetate plus 250 

acetic acid (ƩCH3COOH) are dominated by the anions. 251 

Along each of the reaction paths, the concentration of H2(aq) increases due to redox 252 

reaction between water and ferrous iron in olivine, producing H2 and ferric iron in magnetite. 253 

Concurrently, the CO2(aq) concentration decreases as reduced carbon species are produced 254 

(Fig. 1). In reaction Path-1, in which alkanes form at equilibrium with the fluid, essentially all 255 

of the initial ƩCO2(aq) is converted to CH4 (Fig. 2a). When olivine is completely serpentinized 256 

at the end of the reaction path, the methane concentration is ~20 mmol·L
-1

 and the ƩCO2(aq) 257 

concentration has decreased to ~1 nmol·L
-1

. Reduced carbon species other than methane are 258 



present in only negligible amounts in the carbon mass balance, although formate is present in 259 

amounts representing up to ~1% of the total carbon during intermediate stages of the reaction 260 

(Fig. 2a). The pH at reaction conditions is predicted to increase slightly from 8.5 to 8.9 as the 261 

reaction progresses. 262 

During reaction Path-2, formation of methane and other alkanes is considered to be 263 

kinetically inhibited at the reaction conditions of 300°C and 35MPa, as indicated by results of 264 

experimental studies (e.g., McCollom and Seewald, 2001; Foustoukos and Seyfried, 2004; 265 

Seewald et al., 2006; Fu et al., 2007). At first, the H2(aq) concentration increases steadily with 266 

increasing progress of the serpentinization reaction while the CO2(aq) concentration remains 267 

constant. However, after ~5% of reaction progress, accumulation of H2(aq) causes the fluid to 268 

reach equilibrium with respect to graphitic carbon, which then precipitates and controls the 269 

abundance of H2(aq) and CO2(aq) in the fluid as serpentinization of olivine proceeds further 270 

(Fig. 1a and 2b). The pH values and CO2(aq) concentrations, relatively constant prior to 271 

precipitation of graphitic carbon, increase and decrease, respectively (Fig. 2b). 272 

Simultaneously, the rate of H2(aq) accumulation decreases as it is partially consumed to reduce 273 

ΣCO2(aq) into graphitic carbon. Until graphitic carbon begins to precipitate, formate is the 274 

dominant reduced carbon compound, and represents up to 6% of the total carbon (Fig. 2b). 275 

With continued production of H2(aq) as serpentinization progresses, increasing amounts of 276 

ΣCO2(aq) are converted to graphitic carbon, while formate decreases and is eventually replaced 277 

by acetate as the predominant dissolved carbon species. Towards completion of the reaction, 278 

dissolved carbon compounds represent increasingly smaller proportion of the total carbon, 279 

and by the end of the reaction, graphitic carbon represents ~98% of the total. Other reduced 280 

carbon compounds in the model represent only a negligible fraction of the total.  281 

Path-3 assumes that the most likely solid carbon phase to form during serpentinization 282 

would be a partially hydrogenated carbonaceous phase with abundant aromatic moieties, 283 



which is approximated in the calculations by anthracene. Similar to Path-2, the H2(aq) 284 

concentration in Path-3 increases at constant CO2(aq) concentration during reaction progress 285 

until attainment of equilibrium with the hydrogenated carbon phase (Fig. 2c). Then, 286 

precipitation of hydrogenated carbon causes the fluid composition to evolve along the CO2(aq) 287 

– hydrogenated carbon equilibrium boundary (Fig. 1a). In this calculation, serpentinization of 288 

about 69% of the olivine is required to attain conditions that are sufficiently reducing for the 289 

hydrogenated carbon phase to begin to precipitate (Fig. 1a and 2c). Formate is the dominant 290 

reduced carbon species all along the reaction path. Its concentration increases up to ~ 10 291 

mmol·L
-1

 while, concurrently, the pH value decreases slightly before rebounding when the 292 

hydrogenated carbon phase starts forming. Once the serpentinization has gone to completion, 293 

ƩCO2(aq), ƩHCOOH and hydrogenated carbon account for 29, 43 and 28 mol.% of the total 294 

carbon, respectively.  295 

Reaction Path-4 was calculated considering an initially high concentration of NaHCO3 296 

of 100 mmol·L
-1

. As in model Path-2, the formation of alkanes is assumed to be subject to 297 

kinetic limitations (Table 2, Fig. 1b and 2d). In the initial stages of this reaction path, release 298 

of Mg
II
 from olivine leads to precipitation of magnesite rather than brucite, drawing down 299 

ΣCO2(aq). However, after ~1.4% of reaction, the fluid equilibrates with brucite, allowing both 300 

brucite and magnesite to occur in equilibrium (Fig. 1b). While these two phases co-exist, they 301 

buffer the CO2(aq) activity. Generation of H2(aq) as the reaction progresses leads to saturation of 302 

the fluid with respect to graphitic carbon after 2.9% of reaction progress, when this phase 303 

begins to precipitate in equilibrium with the fluid (Fig. 1b and 2d). From 2.9 to 19% of 304 

reaction, the graphitic carbon – magnesite – brucite assemblage buffers the H2(aq) and CO2(aq) 305 

composition of the fluid to fixed values (i.e., an invariant point). Eventually, however, carbon 306 

reduction leads to conversion of magnesite to graphitic carbon and, once this consumes all of 307 

the magnesite, the activities of H2(aq) and CO2(aq) are no longer buffered. The fluid 308 



composition evolves along the CO2(aq) – graphitic carbon equilibrium until the olivine is 309 

completely serpentinized, similar to that occurring in Path-2 (Fig. 1b). At the end of the 310 

simulation, the solid carbon phase represents 90% of the total carbon. Carboxylic acids are the 311 

dominant dissolved organic compounds, representing 4% of the total carbon, with aqueous 312 

concentrations of ~ 3 and 0.6 mmol·L
-1

 of ƩHCOOH and ƩCH3COOH, respectively. 313 

3.2. Fluid compositions during experimental studies  314 

Activities of H2(aq) and CO2(aq) based on measured fluid compositions during 315 

laboratory experiments that were intended to simulate conditions during serpentinization are 316 

projected onto the mineral stability diagrams shown in Figure 3. In most of the experiments, 317 

the abundance of H2(aq) increases while CO2(aq) decreases as the reactions progress. In the 318 

experiments of McCollom and Seewald (2001) and McCollom et al. (2016) at 300°C, the 319 

fluid compositions converge on the equilibrium boundary between CO2(aq) and graphitic 320 

carbon (Fig. 3b and c). Similar evolution of the fluid composition is observed in the 321 

experiments of Fu et al. (2007) and in the McCollom et al. experiments at 265°C, suggesting 322 

that the fluid could be equilibrating with a precipitated insoluble carbonaceous phase (Fig. 3d 323 

and e). The decrease of H2(aq) in the Fu et al. experiment is due to the fluid composition 324 

considered to be initially oversaturated relative to graphitic carbon. In the experiments of 325 

Berndt et al. (1996) at 300°C, the fluid composition converges on equilibrium between 326 

CO2(aq) and hydrogenated carbon, corresponding to higher H2(aq) concentration than the 327 

CO2(aq) – graphitic carbon equilibrium (Fig. 3a).  328 

Experiments performed at lower temperatures (200-230°C) also tend to converge 329 

toward equilibrium between CO2(aq) and a hydrogenated carbon phase (Fig. 3f and g). In the 330 

experiment of McCollom et al. at 320°C, reaction progress was very limited and the H2(aq) 331 



concentration remained low. As a consequence, the fluid did not reach the stability domain of 332 

graphitic carbon and the CO2 concentration is relatively constant (Fig. 3h).  333 

In the experiment of McCollom and Seewald (2001) at 300°C shown in Figure 3b, the 334 

ƩHCOOH concentrations range from 0.3 to 0.6 mmol·L
-1

. For similar H2(aq) – CO2(aq) 335 

compositions as in this experiment, Path-2 indicated concentrations of ƩHCOOH between 0.2 336 

and 0.9 mmol·L
-1

. These ƩHCOOH concentrations are also in the same range as those 337 

reported in natural serpentinization fluids venting from the Von Damm hydrothermal field on 338 

the Mid-Cayman Rise (McDermott et al., 2015), for which temperature and H2(aq) – CO2(aq) 339 

fluid composition are comparable.  340 

 341 

4. DISCUSSION 342 

4.1 Condensed carbon in serpentinized rocks 343 

The results of the reaction path models indicate that the formation of solid 344 

carbonaceous deposits is thermodynamically favored during serpentinization of ultramafic 345 

rocks and can potentially regulate the abundance of H2 and the speciation of carbon as the 346 

reaction proceeds. However, precipitation of solid carbonaceous materials would require 347 

kinetic inhibitions of the formation of methane, since the model Path-1 allowing attainment of 348 

complete thermodynamic equilibrium among all carbon species results in methane becoming 349 

the predominant form of carbon (Fig. 2a). The kinetic inhibition of the formation of methane 350 

and other light hydrocarbons from the reduction of CO2 was argued from many 351 

complementary directions long ago and used as a constraint in reaction path calculations 352 

(Shock 1990; 1992; Helgeson et al., 1993; Shock and Schulte, 1998). The consequences for 353 

the formation of PAHs as a response were predicted for reactions involving volcanic gases 354 

(Zolotov and Shock, 1999; 2000) and condensation of the solar nebula (Zolotov and Shock, 355 



2001). Concurrently, a number of laboratory experiments have demonstrated that there are 356 

indeed significant kinetic inhibitions to the conversion of dissolved inorganic carbon to 357 

methane under hydrothermal conditions at the temperatures where serpentinization occurs 358 

(<400 °C) (Berndt et al., 1996; McCollom and Seewald, 2001, 2003, 2007; Foustoukos and 359 

Seyfried, 2004; Seewald et al., 2006; McCollom, 2013). In some circumstances, these kinetic 360 

inhibitions may be overcome through catalysis by native metal alloys such as awaruite that 361 

sometimes precipitate during serpentinization (Horita and Berndt, 1999). Where this does not 362 

occur, however, inhibition of methane formation may allow solid carbonaceous matter to 363 

form as a metastable equilibrium product of carbon reduction (Fig. 2b-d). In contrast to 364 

methane, formation of formate and formic acid at equilibrium with the fluid as suggested by 365 

experimental studies (McCollom and Seewald, 2003; Seewald et al., 2006) and natural fluid 366 

compositions (Lang et al., 2010; McDermott et al., 2015) does not preclude the fluid from 367 

achieving equilibrium with solid carbonaceous material.  368 

It seems likely that any solid carbonaceous matter that precipitates during 369 

serpentinization would occur in a disordered, amorphous form rather than as crystalline 370 

graphite. Crystalline graphite is generally expected to form only at highly elevated 371 

temperatures well above 400°C (e.g., Luque et al., 2009; Beyssac and Rumble, 2014; Rumble, 372 

2014), which is above the temperature range of serpentinization in shallow subsurface 373 

environments. Nevertheless, while there are likely to be kinetic inhibitions to formation of 374 

crystalline graphite at the temperatures of serpentinization, this would not necessarily 375 

preclude equilibrium precipitation of metastable macromolecular reduced carbon phases. For 376 

instance, Milesi et al. (2015) observed the formation of solid carbonaceous deposits during 377 

experimental dissolution of siderite at temperatures of 200 and 300°C. At 200°C, grains of 378 

siderite and magnetite produced during heating were coated by solid carbon whose 379 

organization state depended on the mineral surface, while at 300°C solid carbon was found 380 



intimately intermixed with iron oxides at the surface of siderite. Observations of these 381 

carbonaceous deposits with a transmission electron microscope (TEM) showed that they were 382 

relatively poorly organized carbon phases, except at the surface of magnetites. In addition, 383 

regardless of the reaction temperature, a C-bearing phase showing no obvious spatial 384 

relationship with mineral phases was found to be highly unstable under the TEM electron 385 

beam, suggesting a partially hydrogenated carbonaceous material. In similar siderite 386 

decomposition experiments at 300°C, McCollom (2003) reported the formation of polycyclic 387 

aromatic hydrocarbons, and the carbonaceous deposits observed by Milesi et al. (2015) may 388 

have a large component of aromatic moieties. Consistent with the thermodynamic models 389 

considered here, the fluid compositions in the experiments of Milesi et al. (2015) were found 390 

to be in agreement with attainment of metastable equilibrium between the fluid and a 391 

carbonaceous phase having thermodynamic properties similar to graphite. Carbonaceous 392 

materials formed during serpentinization could also be similar to the poorly ordered graphite 393 

precipitated from the graphite-undersaturated C – H – O system at 600°C and 1000 MPa 394 

reported in experiments by Foustoukos (2012).  395 

Comparison of fluid compositions from laboratory serpentinization experiments with 396 

thermodynamic models thus indicates that the experimental results may be consistent with 397 

attainment of metastable equilibrium between H2(aq) and ΣCO2(aq) in the fluid and solid 398 

carbonaceous materials having thermodynamic properties similar to graphitic or hydrogenated 399 

carbon (Fig. 3). Apart for the experiments of Berndt et al. (1996), all serpentinization 400 

experiments at temperature between 265 and 300°C showed fluid composition converging 401 

toward the equilibrium boundary between CO2(aq) and graphitic carbon, which is consistent 402 

with model Path-2 (Fig. 3b, c and e). In the experiments of McCollom et al. (2016) at 300°C, 403 

the H2 production rate is of 4·10
-3

 mmol·h
-1

 whereas H2 was generated at a higher rate of 1·10
-404 

1
 mmol·h

-1
 in the experiments of Berndt et al. (1996). This might explain why the experiments 405 



of Berndt et al. (1996) tend to converge toward equilibrium between CO2(aq) and 406 

hydrogenated carbon, corresponding to higher H2(aq) concentrations than the CO2(aq) – 407 

graphitic carbon equilibrium (Fig. 3a). The higher rate of H2 production could be explained by 408 

the grain size of the starting olivine of < 75 µm in the experiments of Berndt et al. (1996) 409 

whereas it ranges from 53 to 212 µm in the experiments of McCollom et al. (2016). Fluid 410 

compositions of serpentinization experiments performed at lower temperatures (200°C and 411 

230°C) are more consistently described by model Path-3. The measured fluid compositions 412 

tend to converge toward equilibrium between CO2(aq) and hydrogenated carbon rather than 413 

graphitic carbon (Fig. 3f and g), which is consistent with the fact that formation of graphitic 414 

carbon is generally regarded as a process that occurs at elevated temperatures of 400°C and 415 

above (e.g., Luque et al., 2008; Beyssac and Rumble, 2014; Rumble, 2014). In addition to the 416 

formation of solid carbonaceous material, precipitation of Mg- and Ca-bearing carbonates 417 

contributes to the observed decreases of the CO2(aq) activity (McCollom et al., 2016). Owing 418 

to the precipitation of unknown amounts of carbonates on the walls of the reaction vessels, it 419 

is problematic to calculate an accurate carbon mass balance to estimate the amount that might 420 

be converted to carbonaceous materials during serpentinization experiments. However, the 421 

amount of H2 in many of the experiments is significantly lower than it should be based on the 422 

production of ferric Fe in minerals, suggesting the formation of a reduced carbon phase 423 

(McCollom et al., 2016).  424 

The observations of Figure 3 suggest that solid carbonaceous materials might have 425 

formed in the considered experiments that have so far gone unrecognized. Although there 426 

have been no reports to date of the observation of solid carbonaceous deposits among the 427 

products of serpentinization experiments, there does not appear to have been any concerted 428 

effort to look for such materials among the reaction products. Potentially, carbonaceous 429 

products during serpentinization could take the form of either discrete carbon-rich particles or 430 



as thin coatings on the surfaces of mineral phases, similar to those reported by Milesi et al. 431 

(2015). In either case, such deposits might be difficult to observe unless specifically targeted 432 

for identification.  433 

As indicated by the results of Milesi et al. (2015), the nature of solid carbonaceous 434 

precipitates varies with factors such as temperature and the presence of different mineral 435 

surfaces, and it seems likely that the variations in conditions between serpentinization 436 

experiments could allow for some variation in the types of carbonaceous materials that 437 

precipitate, which may explain why some experiments appear to converge towards graphitic 438 

carbon while others converge to hydrogenated carbon in the thermodynamic models (Fig. 3). 439 

For instance, the H2 activity of the serpentinization fluids likely has an impact on the nature of 440 

the carbonaceous material that precipitates. Sangély et al. (2007) identified solid bitumen 441 

associated with the uranium deposits of Athabasca (Saskatchewan, Canada) that they 442 

attributed to the abiotic reduction of CO2 by H2 resulting from water radiolysis. Based on 443 

isotopic data, the authors proposed that the decrease of H2 due to the reduction of CO2 may 444 

account for the observed decrease of aliphatic content relative to aromatic content as the solid 445 

bitumen accumulates. Zolotov and Shock (2000) evaluate the potential for abiotic synthesis of 446 

aliphatic and polycyclic aromatic hydrocarbons from volcanic gas and showed that low H/C 447 

and CO/CO2 ratio in the gas phase favor the formation of hydrocarbons with high 448 

aromatic/aliphatic ratio. Similarly, the aliphatic or aromatic character of hydrocarbons 449 

forming from serpentinization fluids may depend on the H2(aq) and CO2(aq) compositions of the 450 

fluid.  451 

4.2 Natural serpentinization fluids 452 

 Fluid compositions from ultramafic-hosted deep-sea hydrothermal systems also appear 453 

to plot near the CO2(aq) – graphitic carbon boundary, suggesting that equilibration with solid 454 



carbon phases could potentially be taking place during serpentinization in the subsurface (Fig. 455 

4). At high temperatures (300 – 350°C), fluids from the ultramafic-hosted Rainbow, 456 

Logatchev, and Von Damm hydrothermal fields are especially close to the stability domain of 457 

graphitic carbon (Fig. 4a). In contrast, hydrothermal fluids from basalt-hosted systems, 458 

including MARK ½, TAG, Broken Spur, Juan de Fuca and Menez Gwen, appear to be well 459 

undersaturated with respect to graphitic carbon, although the Lucky Strike system appears to 460 

be close to equilibrium. At lower temperature, fluids from the Lost City hydrothermal system 461 

also plot close to the CO2(aq) – graphitic carbon equilibrium (Fig. 4c). It is worthwhile to note 462 

that when considering a carbon phase that is partially oxygenated and/or contains traces of 463 

elements other than carbon that are widespread in serpentinization fluids such as nitrogen, 464 

sulfur or silica (Charlou et al., 2002; Foustoukos et al., 2009; Seyfried et al., 2011, 2015; 465 

Schrenk et al., 2013), the activity of carbon in the condensed carbon phase would shift to 466 

values lower than unity (i.e., activity < 1). This would cause the CO2(aq) – condensed carbon 467 

equilibrium to shift toward lower H2(aq) and CO2(aq) activities, equivalent to an increase of the 468 

stability domain of the carbon phase, such that the serpentinization fluids would equilibrate 469 

with the carbon phase at even lower extents of reaction progress. 470 

These results suggest that precipitation of solid carbonaceous deposits could be playing 471 

a role in the reduction of inorganic carbon circulating through actively serpentinizing systems. 472 

At present, little evidence has been reported for the occurrence of solid carbonaceous 473 

materials within natural serpentinites, although this may be more a reflection of a limited 474 

search for such materials than an indication of their absence. Recently, however, Ménez et al. 475 

(2012) and Pasini et al. (2013) reported the presence of macromolecular carbonaceous 476 

deposits in serpentinites recovered from the seafloor, which the authors attributed to a 477 

biological source. Although some aspects of the composition of these deposits could be 478 

consistent with a biological origin, the evidence so far has not revealed any property that is 479 



uniquely indicative of a biological origin that would exclude abiotic processes. Consequently, 480 

an alternative possibility is that the carbonaceous deposits originated through abiotic 481 

reduction of inorganic carbon during serpentization. Graphite has also been reported to occur 482 

in association with several serpentinites, but the source of these deposits remains 483 

undetermined (e.g., Krishnarao, 1964; Chidester, 1978; Pasteris, 1981, 1988; Luque et al., 484 

1992, 1998; Miura et al., 2011; Galvez et al., 2013; Kawamoto et al., 2013). Further 485 

investigation of these and other types of carbonaceous deposits within serpentinites is 486 

required to determine whether solid forms of carbon may be precipitating during 487 

serpentinization. The possible occurrence of solid carbonaceous materials in these natural 488 

contexts should not be viewed as contradictory with the observation of millimolal levels of 489 

abiotic methane in the hydrothermal fluids at some of these locations. As mentioned 490 

previously, the production of methane could be favored only at the surface of appropriate, but 491 

widely dispersed, minor accessory minerals such as iron-nickel alloys or sulfides (e.g., Horita 492 

and Berndt, 1999), resulting in production of small amounts of methane without fully 493 

equilibrating with the fluid. 494 

 495 

5. CONCLUDING REMARKS 496 

Our models show that formation of solid carbonaceous materials from the reduction of 497 

CO2(aq) is thermodynamically favored during serpentinization of ultramafic rocks, which 498 

could potentially regulate the abundance of H2 in hydrothermal fluids. Experimental and 499 

natural fluid compositions are consistent with attainment of equilibrium between CO2(aq) and 500 

condensed carbon phases. To date, there have been few reports of the occurrence of solid 501 

carbonaceous materials within natural or experimental serpentinites, but the possibility that 502 

complex forms of reduced carbon form during serpentinization has received little attention. 503 



Should further investigation of natural systems reveal that solid carbonaceous materials do 504 

indeed precipitate from abiotic reduction of inorganic carbon during serpentinization, it would 505 

have substantial implications for carbon cycling within the oceanic and continental crust. Any 506 

inorganic carbon that is reduced to solid carbonaceous matter would become immobilized, 507 

and could potentially be converted to forms that would be recalcitrant to alteration or 508 

transport by subsequent processes. Additionally, while methane and other organic compounds 509 

formed abiotically in serpentinizing systems are known to support the activities of biological 510 

communities, high-molecular-weight carbonaceous materials might be resistant to microbial 511 

utilization. In contrast, formation of low-molecular-weight PAHs, such as anthracene or 512 

phenanthrene, could represent a food supply for microbes as conditions cool, which could 513 

represent a chance for the emergence of heterotrophy in hydrothermal settings. Otherwise, 514 

hydrogenated carbonaceous materials might become unstable as conditions change, and 515 

continued hydrothermal alteration of these phases could lead to formation of abiotic methane 516 

or other organic compounds. 517 
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Table 1. Reduced carbon species considered in the modeling 

Compounds Formula Reference-state data source* 

Methane CH4 Shock and Helgeson (1990) 

Ethane C2H6 Shock and Helgeson (1990) 

Ethylene C2H4 Shock and Helgeson (1990) 

Formate HCOO
-
 Shock (1995) 

Formic acid HCOOH Shock (1995) 

Acetate CH3COO
-
 Shock (1995) 

Acetic acid CH3COOH Shock (1995) 

Formaldehyde HCOH Schulte and Shock (1993) 

Acetaldehyde CH3COH Schulte and Shock (1993) 

Methanol CH3OH Shock and Helgeson (1990) 

Ethanol C2H5OH Shock and Helgeson (1990) 

Carbon monoxide CO Shock and McKinnon (1993) 

Graphite C Helgeson et al. (1978) 

Anthracene C14H10 Richard and Helgeson (1998) 

* The thermodynamic properties of the selected reduced carbon species at high temperatures (0 – 

300°C) in the LLNL EQ3/6 database are calculated with the SUPCRT92 software package 

(Johnson et al., 1992). 
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Table 2. Starting conditions of reaction path calculations 

Reaction path 
ƩCO2 

(mmol·L
-1

) 
Reduced carbon species included

 

Path-1 20 All reduced species reported in Table 1 

Path-2 20 Alkanes excluded; all other reduced species included 

Path-3 20 Anthracene, CO(aq), HCOOH, and HCOO
-
 only 

Path-4 100 Alkanes excluded; all other reduced species included 
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FIGURE CAPTIONS 1 

Figure 1. Calculated H2 – CO2 composition of fluids during serpentinization of olivine 2 

projected onto solid phase stability domains in the Fe-Mg-O-C-H system as a function of H2 3 

and CO2 activities at 300°C and 35 MPa. Path-1 (red full circles), 2 (blue full squares) and 3 4 

(green full diamonds) are plotted in diagram (a), and Path-4 (blue full squares) in diagram (b). 5 

The percentages near the symbols indicate the progress of the serpentinization reaction (i.e., 6 

the amount of olivine reacted). The concentration corresponding to saturation of the fluid with 7 

respect to H2 gas is represented by the grey, short-dashed horizontal line. Note that the 8 

activity of H2 increases going downward in the figure. 9 

 10 

Figure 2. Carbon speciation, calculated as the percentage of carbon in a given species relative 11 

to the total amount of carbon in the system, and pH at reaction conditions as a function of the 12 

reaction progress (i.e., the percentage of olivine serpentinized). Panels a, b, c and d 13 

correspond to Path-1, 2, 3 and 4, respectively. 14 

 15 

Figure 3. Fluid compositions from serpentinization and related experiments projected onto H2 16 

– CO2 activity diagrams. Experimental data are from Berndt et al. (1996) (box a, yellow 17 

triangles), McCollom and Seewald (2001) (box b, orange diamonds and circles), Fu et al. 18 

(2007) (box d, blue squares) and McCollom et al. (2016) (box c, e, f, g and h; blue, purple, 19 

light green, green and light blue diamonds, respectively). The arrows show the reaction 20 

progress. 21 

 22 
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Figure 4. End-member fluid compositions for deep-sea hydrothermal systems and terrestrial 23 

serpentinite springs projected onto H2 – CO2 activity diagrams. For clarity, the plotted H2 and 24 

CO2 composition of the Juan de Fuca hydrothermal fluids corresponds to the average value of 25 

six homogeneous end-member compositions (see Foustoukos et al., 2009). For the Lost City 26 

hydrothermal field, several end-member fluid compositions are plotted from different sample 27 

sites (see Proskurowski et al., 2008, supporting online material) and a pH value of 9 is 28 

considered for calculation of the DIC speciation. Measured temperatures for the hydrothermal 29 

fluids shown in (a) and (b) are in the 300-350°C range, although peak temperatures in 30 

subsurface reaction zones may be somewhat higher. Although vent temperatures at Lost City 31 

are ~90°C, temperatures in the subsurface reaction zones where these fluids originate is 32 

thought to be 150-200°C (Proskurowski et al., 2006; Foustoukos et al., 2008). Since pressure 33 

has little effect on thermodynamic equilibria, all diagrams are calculated at 35MPa. Data 34 

sources: Rainbow (2), Logatchev, MARK1/2, TAG, Broken Spur (box a): Charlou et al. 35 

(2002) and references therein; Rainbow (1) (box a): Seyfried et al. (2011); Juan de Fuca (box 36 

a): Foustoukos et al. (2009); Menez Gwen, Lucky Strike (box b): Charlou et al. (2000); Von 37 

Damm (box b): McDermott et al. (2015); Lost City (box c): Proskurowski et al. (2008). 38 

 39 

Figure A1. Stability domains of “graphitic carbon”, aliphatic and aromatic hydrocarbons as 40 

function of H2 and CO2 activities. Thermodynamic properties for aliphatic and aromatic 41 

hydrocarbons are from Richard and Helgeson (1998). 42 
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