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The dependence of starting materials and their initial grain sizes on the formation of gases (H2, CH4, C2H6 and C3H8) during 
serpentinization was investigated by conducting hydrothermal experiments at 311°C and 3 kbar on olivine and peridotite with 
initial grain sizes ranging from <30 to 177 m. Hydrocarbons (CH4, C2H6 and C3H8) were produced from reaction between 
dissolved CO2 in the starting fluids and H2 formed during serpentinization, which were analyzed by Gas Chromatography. It 
was found that olivine serpentinization produced much less H2 and CH4 compared with those after peridotite alteration, while 
their C2H6 and C3H8 were identical. For example, for olivine with initial grain sizes of <30 m, the amounts of H2 and CH4 
were 79.6 mmol/kg and 460 mol/kg after 27 days, respectively. By contrast, the quantities of H2 and CH4 produced in ex-
periment on peridotite with the same run duration were much larger, 119 mmol/kg and 1300 mol/kg, respectively. This indi-
cates that spinel and pyroxene in peridotite may increase the amounts of H2 and hydrocarbons, possibly due to the catalytic ef-
fect of aluminum released by spinel and pyroxene during serpentinization. Moreover, the production of H2 and hydrocarbons is 
negatively correlated with initial grain sizes of the starting material, with smaller amounts of H2 and hydrocarbons for larger 
initial grain sizes, indicating that the kinetics of serpentinization influences the formation of H2 and hydrocarbons, possibly 
because of the lack of catalytic minerals for the starting material with larger grain sizes. This study suggests that olivine cannot 
completely represent peridotite during serpentinization, and that H2 and hydrocarbons in hydrothermal fields near the 
mid-ocean ridge may be produced in a very long period of serpentinization or the presence of catalytic minerals due to large 
grain sizes of ultramafic rocks. 
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Serpentinization, which is a low-temperature (≤500°C) hy-
drothermal alteration of ultramafic rocks (primary peridotite 
and komatiite), occurs widely in different tectonic settings 
on Earth, e.g., seafloor, slowly spreading mid-ocean ridges 
and subduction zones (Bloomer, 1983; Fryer et al., 1985; 
Charlou et al., 1996, 1998, 2000, 2002, 2010; Maekawa et 

al., 2001; Hyndman and Peacock, 2003; Mével, 2003), and 
also on Mars (e.g., Ehlmann et al., 2008, 2009, 2010). It is 
potentially significant for the origin and evolution of life 
during the early history of the Earth and possibly on other 
planets (e.g., Corliss et al., 1979, 1981; Schrenk et al., 2013; 
Wang et al., 2014), based on the observation that living or-
ganisms (e.g., bacteria, shrimps and crabs) survive in hy-
drothermal fields (e.g., Rainbow, Logachev and Lost City) 
those are provided with materials and energies from hydro-
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gen gas, alkanes and organic acids produced during serpen-
tinization (Kelley et al., 2001; Charlou et al., 1998, 2002, 
2010; Holm and Charlou, 2001; Schrenk et al., 2004; 
Brazelton et al., 2006, 2010; Lang et al., 2010). Hydrogen 
gas forms after the reduction of hydrogen in water, and fer-
rous iron of olivine or pyroxene is oxidized to ferric iron 
(Reaction (1)). Reaction of hydrogen gas with oxidized 
carbon (e.g., CO, CO2 or carbonate) forms abiotic hydro-
carbons (such as CH4, C2H6 and C3H8) (Fischer-Tropsch 
type (FTT) synthesis, Reaction (2)).  

 2Fe2++2H2O=2Fe3++H2+2OH (1) 

 nCO2+(3n+1)H2=CnH2n+2+2nH2O (2) 

Factors those affect the formation of hydrogen gas and 
alkanes during serpentinization have been explored by both 
experimental and thermodynamic studies (e.g., Berndt et al., 
1996; Allen and Seyfried, 2003; McCollom and Seewald, 
2001, 2003; McCollom and Bach, 2009; Oze et al., 2012; 
Huang et al., 2015a). Temperatures, water/rock ratios and 
the kinetics strongly influence H2 production. Hydrogen gas 
is largest at ~300°C, which decreases dramatically at tem-
peratures higher than 350°C due to the sluggish alteration 
rate of olivine (e.g., Berndt et al., 1996; Allen and Seyfried, 
2003; McCollom and Bach, 2009). Moreover, the concen-
tration of H2 is negatively correlated with water/rock ratios, 
which becomes two orders of magnitude lower if water/rock 
ratios increase from 1 to 10 at 300°C (McCollom and Bach, 
2009). Furthermore, the amount of H2 is positively related 
with the reaction progress of serpentinization (e.g., Berndt 
et al., 1996; Marcaillou et al., 2011). On the other hand, the 
production of hydrocarbons is dramatically affected by cat-
alytic minerals. Without the presence of catalytic minerals, 
only a very small percentage of CO2 is converted into hy-
drocarbons (<1%, Berndt et al., 1996; McCollom and See-
wald, 2001). However, catalytic minerals, such as Fe-Ni 
alloy, chromite and Co-bearing magnetite, enhance the 
production of hydrocarbons (Horita and Berndt, 1999; 
Foustoukos and Seyfried, 2004; Ji et al., 2008). 

Olivine was taken as the starting material for most pre-
vious experiments to represent peridotite (e.g., Berndt et al., 
1996; Oze et al., 2012). Indeed, olivine is one of the most 
abundant minerals in peridotite (typically >60%), and oli-
vine serpentinization is the main serpentine-forming process 
at the early stage of serpentinization (e.g., Bach et al., 2006; 
Beard et al., 2009). However, peridotite serpentinization 
may produce larger quantities of H2 and hydrocarbons, pos-
sibly caused by the presence of spinel and pyroxene, which 
release aluminum during serpentinization (e.g., Dungan, 
1979; Hébert et al., 1990; Mellini et al., 2005; Huang et al., 
2015b). Aluminum could dramatically enhance the reaction 
progress that is positively correlated with the quantity of H2 
(Marcaillou et al., 2011; Andreani et al., 2013). Moreover, 
more catalytic minerals may form with larger reaction pro-
gress, possibly inducing larger amounts of hydrocarbons. 

This is evidenced by experiments of Huang et al. (2015a) 
showing that more H2 and CH4 were produced at 500°C and 
3 kbar during peridotite alteration than those after serpen-
tinization of olivine or orthopyroxene, and H2 formed mainly 
after orthopyroxene serpentinization. However, whether such 
trend could be observed at 300°C is unknown, during which 
H2 is mostly produced after olivine serpentinization. Partic-
ularly, it is impossible to compare gas formation between 
olivine and peridotite serpentinization in previous experi-
ments mainly due to different grain sizes, largely varied 
water/rock ratios, and distinct run time (e.g., Berndt et al., 
1996; Allen and Seyfried, 2003; Marcaillou et al., 2011; 
Oze et al., 2012). On the other hand, the production of H2 
and hydrocarbons during serpentinization may depend on 
initial grain sizes of the starting material those strongly af-
fect the kinetics of serpentinization (Martin and Fyfe, 1970; 
Wegner and Ernst, 1983; Malvoisin et al., 2012b), which 
has not been investigated yet. In this study, we conducted 
hydrothermal experiments at 311°C and 3 kbar on olivine 
and peridotite with initial grain sizes from <30 to 177 m to 
compare the production of H2 and hydrocarbons during 
serpentinization of olivine and peridotite, and to investigate 
the influence of initial grain sizes of the starting material on 
gas formation. 

1  Materials and methods 

1.1  Starting materials and capsule preparation 

A non-altered spinel-bearing peridotite was chosen as the 
starting material. The peridotite was sampled at Panshishan 
(Jiangsu province, China) where it occurs as xenoliths in 
basalts (Chen et al., 1994; Sun et al. 1998; Xu et al., 2008; 
Yang, 2008). It is composed of olivine (60%–65%), ortho-
pyroxene (20%–25%), clinopyroxene (15%) and spinel 
(1%–3%). Chemical compositions of the individual miner-
als were shown in Huang et al. (2015b), which is consistent 
with previous studies (Chen et al., 1994; Yang, 2008). Per-
idotite was crushed, ground in an agate motor and then 
sieved into grain sizes of <30 m and 100–177 m, respec-
tively. Pure and clean olivine grains were picked from 
coarse peridotite powder under binocular microscope, which 
were then ground and sieved into grain sizes of <30 m. The 
starting fluid was 0.5 mol/L NaCl that was prepared using 
fresh deionized water and reagent-grade sodium chloride.  

Around 50 mg solid powders and ~50 mg starting fluids 
were loaded into gold capsules (30 mm long, 4.0 mm outer 
diameter and 0.2 mm wall thickness), which were sealed by 
arc welding. Leaks were checked before and after experi-
ments by heating capsules in an oven at 100°C for several 
hours. 

1.2  High pressure experiments  

All the experiments were conducted in cold-seal hydrothermal 
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vessels with water as pressure medium at Guangzhou Insti-
tute of Geochemistry (Huang et al., 2015a, Table 1). The 
prepared capsule was loaded into the end of vessel followed 
with a filler rod (around 6 cm in length). Pressures were 
achieved by pumping water into the vessel and measured by 
a pressure gauge with precision of ±100 bar. Temperatures 
were monitored with an external K-type thermocouple that 
was inserted into a hole near the end of the vessel with the 
accuracy within 2°C. The vessels were immersed into ice 
water and the temperature of capsule decreased to <100°C 
within a few seconds.  

1.3  Analytical methods 

The gas components (H2, CH4, C2H6 and C3H8) were ana-
lyzed with an Agilent 7890A gas chromatography at the 
State Key Laboratory of Organic Geochemistry, Guangzhou 
Institute of Geochemistry. The gold capsule was put in a 
vacuum glass piercer connected to a Toepler pump and a 
volume-calibrated glass pipe through vacuum line. Before 
the capsule was pierced, the whole device was evacuated by 
a vacuum pump to reach the pressure of less than 1×102 Pa. 
Then the gold capsule was pierced by a steel needle in vac-
uum and all the gas components were concentrated by the 
Toepler pump into the volume-calibrated pipe. The pipe 
was attached to an Agilent 7890A gas chromatography, 
fitted with a HayeSep Q column (27 m×0.32 mm i.d.). Nitro-
gen was used as the carrier gas at a flow rate of 25 mL/min. 
The oven temperature was programmed as follows: 60°C 
for 3 min, raised from 60 to 180°C at 25°C/min, and then 
kept at 180°C for 3 min. A blank analysis was conducted 
before sample measurement for all samples. The gas com-
ponents were quantified with an external standard, and the 
accuracy was less than 0.5%. The detailed analysis proce-
dure has been reported in Xiong et al. (2001) and Pan et al. 
(2006). 

The surface morphology of the experimental products 

was characterized with secondary electron using Zeiss Ultra 
55 Field emission gun scanning electron microscope 
(FESEM). Samples were dispersed onto a double-sided 
carbon tape and coated with a thin film of platinum for 
FESEM observation.  

Mineral compositions were determined using JOEL JXA 
8100 electron microprobe with four wavelength-dispersive 
spectrometers at Second Institute of Oceanography, State 
Oceanic Administration. A 15 kV accelerating voltage, 20 
nA beam current and 15 m beam diameter were used. The 
calibration standards were jadite (Si, Na), olivine (Mg), 
almandine garnet (Fe, Al), diopside (Ca), sandine (K), 
chromium oxide (Cr), rutile (Ti), nickel silicide (Ni), cobalt 
metal (Co), rhodonite (Mn), and tugtupite (Cl). For Ni, Co, 
Cl and Mn, the counting time was 30 s/15 s for peak and 
background, respectively; for other elements, the counting 
time was 10 s/5 s for peak and background.  

2  Results  

2.1  Gas composition 

Gas concentrations changed dramatically during experiment 
(Figure 1). In experiments on peridotite with initial grain 
sizes of <30 m, H2 gradually increased from 20 mmol/kg 
at 10 days to 167 mmol/kg at 14 days, while it slightly de-
creased to 119 mmol/kg at 27 days. Consistently, CH4 
reached 350 mol/kg at 10 days, which rose to 2880 
mol/kg at 14 days but it decreased to 1300 mol/kg at 27 
days. The decrease of H2 and CH4 at 27 days is possibly due 
to the formation of organic acids, which were commonly 
produced during serpentinization and were not analyzed in 
this study (e.g., McCollom and Seewald, 2003). 

In comparison, for experiments on olivine with initial 
grain sizes of <30 m, the concentration of H2 reached 94.5 
mmol/kg at 10 days, while it largely decreased to 2.8 
mmol/kg at 14 days and then it rose to 79.6 mmol/kg at  

Table 1  Composition of gases produced in serpentinization experiments at 3 kbar and 311°C a) 

Sample 
No. 

Starting 
material 

Initial grain  
sizes (m) 

W/R ratio 
Duration 

(days) 
H2 

(mmol/kg) CH4 (mol/kg) C2H6 (mol/kg) C3H8 (mol/kg) 

HR61 Prt 100–177 0.82 120 127 60 2.72 5.4 

HR77 Prt 100–177 1.2 28 10 28 26.5 39.5 

HR105 Prt <30 1.0 10 21 350 23.6 9.2 

HR91 Prt <30 0.89 14 167 2880 161.4 321.8 

HR86 Prt <30 0.86 27 119 1300 59.3 316.8 

HR76 Ol <30 1.04 27 80 460 136.4 234.9 

HR87 Ol <30 0.71 14 3 1680 121.6 0.69 

HR106 Ol <30 0.90 10 94 260 37.1 116.0 

Fe37 Ol 100–177 1.1 26 10 0.0 0.0 0.0 

HR25 Prt 100–177 1.4 19 – – – – 

a) Prt=peridotite, Ol=olivine; W/R ratio: Ratio of the mass of initial fluids and that of solid materials loaded in capsules; Fe37 data are from Huang et al. 
(2015a).  
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Figure 1  Comparison of gas formation during olivine and peridotite serpentinization. Larger amounts of H2 and CH4 were produced during peridotite ser-
pentinization, while their C2H6 and C3H8 were identical. 

27 days. By contrast, the quantity of methane as a function 
of time shows an opposite trend, which was very low at 10 
days, and increased greatly at 14 days, and then decreased at 
27 days, indicating that the decrease of H2 at 14 days is due 
to the formation of methane and other hydrocarbons. Com-
pared with olivine, peridotite alteration produced a larger 
quantity of CH4 (Figure 1), while their C2H6 and C3H8 were 
identical. At 10 days, peridotite serpentinization generated 
less H2 than olivine alteration (Figure 1). However, with 
progressive serpentinization (at 14 and 27 days), the amount 
of H2 was much larger during peridotite serpentinization 
compared with that after olivine alteration. 

The production of H2 and hydrocarbons strongly depends 
on initial grain sizes of the starting material, with larger 
amounts of H2 and hydrocarbons for smaller grain sizes of 
peridotite (Figure 2). For example, in experiments taking 
peridotite with grain sizes of <30 m, the quantities of H2 
and CH4 at 27 days were 119 mmol/kg and 1300 mol/kg, 
respectively. By contrast, for those with larger grain sizes 
(100–177 m), the concentrations of H2 and hydrocarbons 
at 28 days were one to three orders of magnitude smaller. 
With progressive serpentinization (120 days), the quantity 
of H2 was identical to that using peridotite with smaller 
grain sizes, while the amounts of hydrocarbons were almost 
the same as those at 28 days, indicating that the production 
of H2 and hydrocarbons during serpentinization has two 
stages. At the early stage, the rate of H2 production is fast, 
while that of CH4 formation is very slow. During the second 
stage, the amount of CH4 gradually increases, whereas that 
of H2 almost keeps constant or slightly decreases, which is 
consistent with Oze et al. (2012).  

2.2  Solid run products 

The run products were composed of fibrous chrysotile, (±) 
lizardite, and (±) magnetite grains (Figure 3). Chrysotile 
was characterized by FTIR bands at 615, 954 and 3689 cm1 
(Figure 4, Anbalagan et al., 2010). The diameter of chryso-
tile was positively related with initial grain sizes of the 
starting material (Figure 3(a), (b)). Magnetite sizes ranged 
from less than 1 m to around 10 m. It appears that more 
magnetite grains crystallized during olivine serpentinization 
(Figure 3(c), (d)). As a consequence, serpentine formed in 
experiments taking olivine contained 5.9±2.0 wt.% FeO 
(Table 2), much less than those of primary olivine (9.8 
wt.%). By contrast, serpentine crystallized in those using 
peridotite had much larger iron contents, 8.2±1.6 wt.% FeO 
(Table 2). 

3  Discussion  

The carbon source of this study is the dissolved CO2 from 
the atmosphere, ~0.60 mmol/kg after experiments, which is 
identical with previous studies (McCollom and Seewald, 
2001; Oze et al., 2012). Although such CO2 is much less 
than that produced after the breakdown of bicarbonate (e.g., 
Berndt et al., 1996), it is large enough for FTT synthesis due 
to the small conversion percentage of CO2 into hydrocar-
bons. Moreover, the production of hydrocarbons was not 
promoted by slightly higher CO2 in the reaction system (e.g., 
Berndt et al., 1996; McCollom and Seewald, 2001; Huang 
et al., 2015a). Particularly, with the presence of even higher 
CO2, the quantities of H2 and CH4 became smaller due to  
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Figure 2  Grain-size dependence of the formation of H2 and hydrocarbons during peridotite serpentinization. The quantities of H2 and hydrocarbons were 
negatively correlated with grain sizes of the starting peridotite, with smaller amounts of gases for larger grain sizes of peridotite. 

 

Figure 3  Typical run products of (a) HR61, peridotite with grain sizes of 100–177 m; (b) HR76, olivine with grain sizes of <30 m; (c) HR25, peridotite 
with grain sizes of 100–177 m and (d) Fe-37, olivine with grain sizes of 100–177 m. The major run products are fibrous chrysotile, (±) lizardite and mag-
netite. The diameter of chrysotile is positively related with the initial grain sizes of the starting material. It seems that more magnetite grains form during 
olivine serpentinization (d) than those produced during peridotite alteration (c). Ctl=chrysotile; Lz=lizardite; Ol=olivine; Srp=serpentine; Mgt=magnetite. 

the incorporation of Fe2+ into carbonates (Jones et al., 2010). 
On the other hand, olivine as the carbon source was ex-
cluded due to its low carbon solubility (<1 ppm) (Keppler et 
al., 2003).  

To investigate whether hydrogen gas and hydrocarbons 
were produced during serpentinization and FTT synthesis or 
after decomposition of long-chain hydrocarbons in primary 
peridotite (e.g., Tingle et al., 1990; Sugisaki and Mimura,  
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Figure 4  FTIR spectra of run products. Chrysotile, the major product in 
most experiments, is characterized with 615, 954 and 3689 cm1 (e.g., 
Anbalagan et al., 2010), while residual olivine is characterized with peaks 
at 505 and 883 cm1 (e.g., Jeanloz, 1980). 

Table 2  Typical chemical composition of serpentine analyzed by electron 
microprobe 

Sample No. HR25 HR61 Fe37 

SiO2 39.35 38.43 38.09 

TiO2 0.10 0.05 0.00 

Cr2O3 0.04 0.47 0.06 

Al2O3 2.42 1.79 0.49 

MgO 34.95 35.76 36.91 

FeO 8.81 6.38 4.88 

MnO 0.10 0.08 0.05 

NiO 0.24 0.08 0.26 

CaO 0.10 0.24 0.06 

K2O 0.01 0.00 0.02 

Na2O 0.19 0.19 0.00 

Cl 0.10 0.19 0.17 

Total 86.39 83.61 80.95 

 

1994), we conducted blank experiments at 300–500°C and  
3 kbar taking olivine or peridotite with initial grain sizes of 
<30 m without adding any fluids. The quantities of H2 and 
hydrocarbons at 27 days were below the detection limit of 
gas chromatography, indicating that olivine and peridotite 
taken in this study contain no H2 and hydrocarbons, or that 
they have such gases those were stable during the run. 
Therefore, the detected H2 and hydrocarbons in hydrothermal 
experiments were formed due to the reaction between olivine 
or peridotite and the starting fluid rather than from the 
breakdown of long-chain hydrocarbons in primary ultramafic 
rocks.  

Peridotite serpentinization produces more H2 and CH4 
than olivine alteration (Figure 1), indicating that olivine 

cannot completely represent peridotite during serpentiniza-
tion, possibly caused by pyroxene and spinel. However, 
orthopyroxene serpentinization at ~300°C and 3 kbar pro-
duced even less H2 compared with that after olivine altera-
tion, and no H2 and hydrocarbons were detected after cli-
nopyroxene hydration (Huang et al., 2015a). Why pyroxene 
and spinel promote the production of hydrogen gas and al-
kanes during olivine serpentinization? One possible way is 
that pyroxene and spinel could modify chemical composi-
tions of serpentinization fluids, which consequently en-
hances the formation of hydrogen gas and alkanes. Com-
pared with olivine, peridotite has higher silica contents, and 
fluids during peridotite serpentinization are more enriched 
in silica. However, the possibility that larger silica contents 
induce more H2 and CH4 is excluded based on the detection 
of even less H2 in most natural hydrothermal fluids with 
larger silica contents (Charlou et al., 2002, 2010; Seyfried et 
al., 2011). Moreover, olivine is deficient in aluminum, 
while pyroxene and spinel of peridotite are rich in alumi-
num. Particularly, pyroxene and spinel released aluminum 
during serpentinization (Dungan, 1979; Hébert et al., 1990; 
Huang et al., 2015b). It has been reported that pyroxene lost 
some of aluminum to its neighboring olivine during serpen-
tinization, indicated by Al-rich serpentine after olivine al-
teration (Dungan, 1979; Hébert et al., 1990; Huang et al., 
2015b). Furthermore, spinel occurring in serpentinites is 
commonly altered to Al- poor ferrichromite and (±) mag-
netite rinds (e.g., Mellini et al., 2005). All these indicate that 
aluminum is mobile during peridotite serpentinization, and 
that it could be released by pyroxene and spinel. Aluminum 
speeds up the alteration rate of olivine serpentinization 
(Andreani et al., 2013), resulting in a larger reaction pro-
gress. The quantity of H2 is positively correlated with the 
reaction progress (Marcaillou et al., 2011), and therefore 
aluminum may dramatically increase the production of H2. 
Additionally, compared with olivine, pyroxene and spinel 
are rich in chromium. It has been shown that chromium 
could be leached into fluids even at ambient temperature 
those are in equilibrium with chromite or Cr2O3 (Ulmer, 
1974), and a larger quantity of chromium was released at 
higher temperatures and pressures (Klein-BenDavid et al., 
2011). Pyroxene, especially clinopyroxene, lost most of its 
chromium into fluids, indicated by Cr-depleted serpentine 
derived from clinopyroxene (e.g., Hébert et al., 1990). All 
these suggest that chromium could be released by spinel and 
pyroxene during serpentinization. Chromium catalyzes the 
production of CH4, C2H6 and C3H8 during FTT synthesis 
(Foustoukos and Seyfried, 2004). However, the effect of 
chromium and spinel on the formation of hydrocarbons may 
need further investigation, due to the ambiguity of the cata-
lytic effect of natural-occurring chromite (Lazar et al., 2012; 
Oze et al., 2012). 

The production of H2 and hydrocarbons strongly depends 
on initial grain sizes of the starting material, with larger 
amounts of H2 and hydrocarbons for smaller grain sizes 
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(Figure 2). Initial grain sizes of the starting material are 
negatively correlated with the kinetics of serpentinization 
(Wegner and Ernst, 1983; Malvoisin et al., 2012b), and 
peridotite with smaller grain sizes has a larger reaction pro-
gress. The production of H2 is positively correlated with the 
serpentinization progress (Marcaillou et al., 2011), and 
therefore serpentinization of peridotite with smaller initial 
grain sizes could induce a larger amount of H2. Meanwhile, 
more catalytic minerals may be produced with larger reac-
tion progress, possibly resulting in more CH4. The catalytic 
minerals may be aluminum, Fe-Ni alloy and magnetite. The 
potential catalytic effect of aluminum is indicated by more 
CH4 formed after peridotite serpentinization than that dur-
ing olivine alteration. Iron-Ni alloy is a common accessory 
mineral in serpentinites, which efficiently catalyzes the 
production of CH4, while it has no influence on other hy-
drocarbons (Horita and Berndt, 1999). Additionally, mag-
netite has been proposed to catalyze the formation of hy-
drocarbons (e.g., Berndt et al., 1996), while experiments 
with 13C-rich fluids showed that magnetite cannot increase 
the production of 13CH4 and other 13C-rich hydrocarbons 
(McCollom and Seewald, 2001, 2003).  

Moreover, the production of H2 and hydrocarbons during 
olivine serpentinization also strongly depends on initial 
grain sizes of olivine (e.g., Berndt et al., 1996; Oze et al., 
2012; Huang et al., 2015a). For example, the experiment of 
Berndt et al. (1996) was conducted at 300°C and 0.5 kbar 
taking olivine with initial grain sizes of ≤75 m, and the 
quantity of CH4 (37 mol/kg) was much smaller than that of 
this study using olivine with smaller grain sizes (<30 m, 
460 mol/kg) (Berndt et al., 1996). Consistently, the quanti-
ties of H2 (~4 mmol/kg) and CH4 (60 mol/kg) formed in 
Oze et al. (2012) taking olivine with initial grain sizes of 
100 m were two orders of magnitude less than those of this 
study. Although water/rock ratios of previous experiments 
are twice of those in this study (Berndt et al., 1996; Oze et 
al., 2012), such difference probably cannot induce the large 
contrast of H2 and CH4. As indicated by McCollom and 
Bach (2009), the concentration of H2 becomes two orders of 
magnitude lower if water/rock ratios increase from 1 to 10 
at 300°C. Therefore, initial grain sizes of the starting mate-
rial may be more controlling compared with water/rock ra-
tios. Particularly, the water/rock ratio of experiment in 
Huang et al. (2015a) is 1.1 (Fe37, Table 1), identical with 
that of this study. However, the quantity of H2 after altera-
tion of olivine with grain sizes of 100–177 m was 10 
mmol/kg after 26 days (Fe37, Huang et al., 2015a), much 
smaller than that formed during serpentinization of olivine 
with smaller grain sizes, indicating that the formation of 
gases during serpentinization is strongly affected by initial 
grain sizes of the starting material.  

However, grain-size dependence was not observed in 
Marcaillou et al. (2011), who conducted experiments at 
300°C and 0.3 kbar taking ground peridotite with initial 
grain sizes of <1 m. H2 was only 39 mmol/kg after 34 days, 

much less than that produced in this study (119 mmol/kg, 
HR86). It is possibly because their experiments were per-
formed in a steel autoclave (Marcaillou et al., 2011), which 
may react with serpentinization fluids during the run (e.g., 
Okamoto et al., 2011), possibly influencing H2 production. 
Moreover, the major run product of Marcaillou et al. (2011) 
was lizardite, while that of this study was chrysotile. It has 
been shown that chrysotile crystallization requires a higher 
degree of solution supersaturation than lizardite (e.g., Nor-
mand et al., 2002), and therefore the serpentinization pro-
cesses may be different.  

Not only gas formation, magnetite production during oli-
vine serpentinization may be distinct from that after perido-
tite alteration. Serpentine produced after peridotite serpen-
tinization of this study is more enriched in iron than that 
formed during olivine alteration (Table 2), implying that 
less magnetite was produced during peridotite serpentiniza-
tion. There are two possible explanations for the less 
amounts of magnetite. First, peridotite has higher SiO2 con-
tents under which condition magnetite is unstable (Frost and 
Beard, 2007; Reaction (3)). 

 2Fe3Si2O5(OH)4+O2=2Fe3O4+4SiO2+4H2O (3) 
serpentine         magnetite     silica 

Another possibility is that olivine lost some of its iron to 
clinopyroxene during peridotite serpentinization, indicated 
by the production of Fe-rich serpentine after clinopyroxene 
alteration (Huang et al., 2015b), possibly resulting in less 
magnetite. The difference of magnetite formation between 
olivine and peridotite serpentinization is also indicated by 
previous studies (e.g., Toft et al., 1990; Oufi et al., 2002; 
Okamoto et al., 2011, Malvoisin et al., 2012b). Magnetite 
crystallized during olivine serpentinization within 24 hours 
(e.g., Okamoto et al., 2011, Malvoisin et al., 2012b), and the 
amount of magnetite is linearly correlated with the reaction 
progress (Malvoisin et al., 2012a, 2012b). By contrast, the 
quantity of magnetite was very low during the early stage of 
peridotite serpentinization, which increased abruptly when 
the reaction progress exceeded 75% (Toft et al., 1990; Oufi et 
al., 2002). More experiments are preferred in future studies. 

Moreover, serpentine formed after peridotite serpentini-
zation probably contains more Fe3+ than that produced dur-
ing olivine hydration, indicated by a larger quantity of H2 
formed during peridotite serpentinization. The production of 
H2 results in Fe3+ formation (Reaction (1)), which is either 
incorporated into serpentine or magnetite. The less magnet-
ite during peridotite serpentinization indicates the formation 
of Fe3+-rich serpentine.  

Hydrogen gas and hydrocarbons were commonly detect-
ed in natural hydrothermal fluids, which formed during ser-
pentinization of ultramafic basement rocks (e.g., Charlou et 
al., 1996, 1998, 2000, 2002; Douville et al., 2002). Typically, 
the quantity of H2 was smaller than that produced in ex-
periments on olivine serpentinization, while the amount of 
CH4 was larger (e.g., Berndt et al., 1996; Douville et al., 
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2002). For example, the concentrations of H2 and CH4 in 
fluids from Rainbow hydrothermal fields were 16 mmol/kg 
and 2.5 mmol/kg, respectively (Douville et al., 2002). In 
principle, a smaller amount of CH4 may be produced in hy-
drothermal fields due to larger grain sizes of ultramafic 
rocks. The larger quantity of CH4 indicates the presence of 
catalytic minerals or much longer serpentinization time. 
Nevertheless, the influence of initial grain sizes of the start-
ing material should not be ignored. For example, Oze et al. 
(2012) investigated the catalytic effect of naturally occur-
ring chromite on FTT synthesis by comparing chromite-free 
with-bearing experiments. It was found that chromite cannot 
enhance the production of alkanes (Oze et al., 2012), in 
contrast with Foustoukos and Seyfried (2004). However, the 
low quantities of hydrogen gas and alkanes may be induced 
by large grain sizes of olivine (100 m) and short run dura-
tions (around 33 days) (Oze et al., 2012), and whether 
chromite could catalyze the production of alkanes during 
FTT synthesis still needs further investigation. Considering 
a long period of serpentinization or smaller initial grain sizes 
of olivine, chromite may promote the formation of alkanes. 
On the other hand, the smaller amount of H2 is possibly 
caused by gas escaping, indicated by gas bubbling in the 
hydrothermal systems of Prony Bay (Monnin et al., 2014).  

4  Conclusion 

Hydrogen gas and hydrocarbons form during serpentiniza-
tion and FTT synthesis, which may be significant for the 
origin and evolution of life during the early history and the 
Earth and possibly on other planets (e.g., Kelley et al., 2001; 
Holm and Charlou, 2001; Schrenk et al., 2004, 2013; 
Brazelton et al., 2006, 2010; Lang et al., 2010; Wang et al., 
2014). Most previous experiments were conducted taking 
olivine to represent peridotite. However, this study shows 
that much larger amounts of H2 and CH4 were produced 
during peridotite serpentinization compared with those after 
olivine alteration, probably caused by spinel and pyroxene 
those release aluminum and chromium during serpentiniza-
tion and may consequently catalyze the formation of H2 and 
CH4. It indicates that olivine cannot completely represent 
peridotite during serpentinization, and comparisons of other 
aspects between olivine and peridotite hydration will be 
investigated in our later studies. Moreover, initial grain sizes 
of the starting material could largely affect the production 
of H2 and hydrocarbons during serpentinization, with larger 
grain sizes for less H2 and hydrocarbons. It may take a very 
long period of time for natural hydrothermal fields to reach 
the present quantities of H2 and hydrocarbons due to large 
grain sizes of ultramafic rocks.  
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