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Abstract Hydrothermal alteration of olivine greatly influences geodynamics and the recycling of volatiles (such as water and
carbon) in subduction zones. Silica is an important component of geological fluids, and its influence on the hydrothermal
alteration of olivine remains poorly constrained. In this study, we performed experiments at 300–515°C and 3.0 kbar (1 bar=105

Pa) by reacting well homogenized mixtures of olivine and silica powders with saline solutions (0.5 mol L−1 NaCl). Silica greatly
influences the reaction pathways, reaction rates, and molecular hydrogen (H2) formation during olivine hydrothermal alteration.
In experiments at 300°C and 3.0 kbar with mixtures of olivine and 10 wt% silica, olivine was replaced by serpentine and talc. The
proportions of serpentine and talc were determined according to standard curves based on infrared spectroscopy analyses.
Around 6.5% serpentine and 12% talc were produced after an experimental duration of 7 days, which had no change after a
longer period (14 days). Compared to the kinetics in silica-free systems, the rates of olivine hydrothermal alteration in ex-
periments with 10 wt% silica are much lower. The overall reaction is: 4.5Forsterite+5.5SiO2,aq+4H2O=Serpentine+2Talc. With
the addition of more silica (20 wt% and 40 wt%), olivine was transformed into talc. The rates of reaction were much faster, e.g.,
for experiments with olivine and 20 wt% silica, 43% of talc was produced after 14 days, which increased to 77% for experiments
with 40 wt% silica over the same period. The overall reaction is: 3Forsterite+5SiO2,aq+2H2O=2Talc. In experiments at
400–505°C and 3.0 kbar, the promoting effect of silica on olivine hydrothermal alteration was also observed, which is closely
associated with a decrease in Gibbs free energies of olivine hydrothermal alteration. At 300°C and 3.0 kbar, silica decreased H2

formed during olivine hydrothermal alteration by around an order of magnitude, resulting in an increase in oxygen fugacity.
Based on measured H2, we calibrated oxygen fugacities, ranging from 0.96 to 3.41 log units below FMQ (fayalite-magnetite-
quartz buffer assemblage). This study suggests that the infiltration of SiO2-bearing fluids into peridotites greatly influences redox
conditions and the rates of olivine hydrothermal alteration.
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1. Introduction

The hydrothermal alteration of olivine has attracted the at-
tention of geologists, biologists, and chemists (e.g., Kelley et
al., 2001; Charlou et al., 1998, 2002; Schrenk et al., 2004,
2013; Brazelton et al., 2006, 2012; Lang et al., 2010; Evans
et al., 2013). It significantly influences the physical and
chemical properties of the oceanic lithosphere (e.g., Escartín
et al., 1997, 2001; Scambelluri, 2001; Scambelluri et al.,
2004; Guillot and Hattori, 2013), and it also affects microbial
habitability at hydrothermal vent fields (e.g., Brazelton et al.,
2006, 2012; Schrenk et al., 2013). Hydrothermal alteration
greatly decreases the strength, density and seismic velocity
of olivine (e.g., Escartín et al., 1997, 2001; Mével, 2003),
possibly resulting in an increase in volume (Malvoisin et al.,
2020). The hydrothermal alteration of olivine produces ser-
pentine, talc, and chlorite that have abundant H2O contents.
As suggested by experimental studies, serpentine and talc
remain stable at depths even greater than 150 km (Ulmer and
Trommsdorff, 1995). This suggests that the hydrothermal
alteration of olivine may play a significant role for the re-
cycling of H2O in the subduction zones. In addition, the
hydrothermal alteration of olivine produces molecular hy-
drogen (H2) that may influence microbial habitability at
hydrothermal vent fields (e.g., Kelley et al., 2001; Schrenk et
al., 2004; Lang et al., 2010).
Previous experiments on the hydrothermal alteration of

olivine were performed mostly with olivine and pure H2O or
saline solutions as starting reactants (Berndt et al., 1996;
Allen and Seyfried, 2003; Marcaillou et al., 2011; Okamoto
et al., 2011; Malvoisin et al., 2012; McCollom et al., 2016,
2020). Olivine in natural geological settings is commonly
associated with silica-bearing minerals such as plagioclase,
pyroxene and microcrystalline silica (Hodgkinson et al.,
2015). Thermodynamic calculations suggest that silica ac-
tivity greatly influences the stable mineral assemblages
during olivine hydrothermal alteration (Figure 1). Previous
experiments about the effect of silica during olivine hydro-
thermal alteration have been performed with largely scat-
tered silica activity in one sample by up to four orders of
magnitude, where a quartz layer (10 mm in length) was in
contact with an olivine layer (35 mm in length) (e.g., Oya-
nagi et al., 2015, 2020). The influence of silica on the rates of
olivine hydrothermal alteration remains unclear, e.g., in
saline solutions (0.5 mol L−1 NaCl), intermediate silica ac-
tivity is associated with the highest rates of reaction (Oya-
nagi et al., 2020); in strongly alkaline solutions, the highest
silica activity is coupled with the fastest rates of reaction (e.
g., Oyanagi et al., 2015). Hydrogen formation in the ex-
periments of Oyanagi et al. (2015, 2020) was not measured.
Silica activity also influences H2 formation during olivine
hydrothermal alteration (Frost and Beard, 2007; Beard et al.,
2009; Katayama et al., 2010; Seyfried et al., 2011; Miyoshi et

al., 2014; Oyanagi et al., 2015; Syverson et al., 2017).
However, the coupling between the rates of olivine hydro-
thermal alteration and H2 formation in silica-bearing systems
remains poorly constrained.
In this study, we conducted hydrothermal experiments at

300–515°C and 3.0 kbar, and well-mixed olivine and silica
powders (10–40 wt%) were reacted with saline solutions
(0.5 mol L−1 NaCl). Compared to previous experiments
(Oyanagi et al., 2015, 2020), the thickness of the starting
reactants in the experiments of this study is much smaller
(<2 mm in length), with a very low silica gradient in one
sample. The targets are to (1) study the effect of silica on the
pathways, the rates of reaction, and H2 formation during
olivine hydrothermal alteration, and (2) investigate tem-
perature dependence for the influence of silica on olivine
hydrothermal alteration.

2. Starting materials and experimental methods

2.1 Starting materials

Olivine grains (Fo=90) were carefully chosen from crushed
peridotite (<60 mesh) under a binocular microscope, and
those with the inclusion of other mineral phases were dis-
carded. The peridotite occurs as xenoliths in alkaline basalts
at Panshishan (Jiangsu province, China) (e.g., Chen et al.,

Figure 1 Phase diagrams in the MgO-SiO2-H2O system as a function of
silica activity calibrated by using SUPCRT92 (Johnson et al., 1992). (a)
500 bar, and (b) 3.0 kbar. Fo, forsterite; Srp, serpentine; Bru, brucite; Tlc,
talc; Qtz, quartz. 1 bar=105 Pa.
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1994; Sun et al., 1998; Xu et al., 2008).
Olivine grains were cleaned ultrasonically in pure water to

remove pyroxene powders adhered to the surface of olivine
during peridotite crushing. After that, olivine grains were
ground in an agate mortar, and then they were sieved to
obtain grain sizes of <30 μm.
Olivine powder and analytical reagent quartz powders

were well homogenized in an agate mortar. The total mass of
solid reactants is ~50 mg. The solid reactants and saline so-
lutions (0.5 mol L−1 NaCl, ~50 mg) were filled into gold
capsules (3.6 mm inner diameter, 4.0 mm outer diameter, and
30 mm length). The thickness of the starting reactant is less
than 2 mm. Gold capsules have been used as reactors (e.g.,
Berndt et al., 1996; Malvoisin et al., 2012; Huang et al., 2015,
2016), because gold is not chemically active and does not
form Au-Fe alloys under the experimental conditions. Gold
capsules were sealed at both ends by using a high-frequency
tungsten inert gas welder (PUK3). Then, sealed gold capsules
were placed in a drying furnace (100°C) for around half an
hour to check leakage, and those with mass differences less
than 0.5% were used in hydrothermal experiments.

2.2 Hydrothermal experiments

All experiments were carried out at 300–515°C and 3.0 kbar
in cold-seal hydrothermal vessels at Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences (Table 1). The
capsule, followed with a filler rod (around 6 cm long), was
put into a vertically-placed cold-seal vessel. Pressures were
achieved by pumping water from a reservoir into the vessel,
and they were measured by a pressure gauge with a 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 an accuracy of ±2°C. When finished,
the vessels were immersed in ice water, and the temperature
of the capsule decreased to <100°C within a few seconds.

2.3 Analytical methods

The amounts of molecular hydrogen (H2) in gold capsules
were determined with an Agilent 7890A gas chromatograph
at the State Key Laboratory of Organic Geochemistry,
Guangzhou Institute of Geochemistry, Chinese Academy of
Sciences. The gold capsule was put in a vacuum glass piercer
that is connected to a Toepler pump. The whole device was
evacuated to a pressure below 1×10−2 Pa, and then the cap-
sule was sliced to release all the gases. The Agilent 7890A
gas chromatograph was fitted with a HayeSep Q column
(27 m×0.32 mm i.d.), and nitrogen was taken as the carrier
gas at a flow rate of 25 mL min−1. The oven temperature was
programmed at 60°C for 3 min, raised from 60°C to 180°C at
25°C/min, and kept at 180°C for 3 min. The gas components
were calibrated by using an external standard with an accu-
racy of less than 0.5%. More procedures have been detailed
in previous work (Xiong et al., 2001; Pan et al., 2006).
The surface morphology of solid products was character-

ized by secondary electron using Zeiss Ultra 55 field emis-
sion gun scanning electron microscope (SEM) at the Second
Institute of Oceanography, State Oceanic Administration of
China. An accelerating voltage of 5 kV was used. X-ray
diffraction (XRD) patterns were collected using Cu-Kα ra-
diation, 45 kV voltage and 200 mA current on a Rigaku

Table 1 Summary of experimental resultsa)

Sample
number

Temperature
(°C)

Pressure
(kbar)

Starting reactants
W/R ratios Time (days)

Amounts of minerals in run products (%) H2
(mmol kg−1)Reactant SiO2 (wt%) Tlc Srp Ol

HR106 300 3.0 Ol 0 0.90 10 – 62 (0.1) 38 (0.1) 94

HR76 300 3.0 Ol 0 1.04 27 – 76 (1.7) 24 (1.7) 80

HR119 300 3.1 Ol+SiO2 10 0.97 7 10 (1.2) 5.5 (0.3) 84.5 (1.5) 37

HR116 300 3.1 Ol+SiO2 10 0.95 14 12 (3.0) 6 (3.5) 79 (1.3) 8.6

HR112 300 3.1 Ol+SiO2 20 0.84 14 43 (2.0) – 57 (2.6) 3.7

HR114 300 3.1 Ol+SiO2 20 0.84 20 43 (1.4) – 57 (1.9) 8.5

HR113 300 3.1 Ol+SiO2 40 0.72 14 77 (1.2) – 23 (0.4) 3.7

HR115 300 3.1 Ol+SiO2 40 0.74 20 100 (0.1) – 0 2.2

HR130 400 3.8 Ol+SiO2 40 0.90 8 – – – 7.1

HR101 505 3.2 Ol+SiO2 50 0.71 9 100 (0.1) – 0 3.3

HR103 505 3.0 Ol+SiO2 50 0.80 14 100 (0.1) – 0 1.2

HR57* 400 3.0 Ol 0 1.3 19 – 0.5 – 2.0

Fe46** 515 3.6 Ol 0 1.5 17 – 0.5 – 2.2

a) W/R ratios: Water/rock ratios, mass ratios of starting fluids to solid reactants before experiments; Tlc: talc, Srp: serpentine, Ol: olivine; * Olivine with
initial grain sizes of 42–59 μm (Huang et al., 2020); ** Olivine with initial grain sizes of 100–177 μm (Huang et al., 2020)
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Smartlab X-ray diffractometer at the Southern University of
Science and Technology, Shenzhen, China. X-ray data were
acquired in a 2θ range of 5°–70° with a step size of 0.01° and
a counting time of 10 s per step. Fourier transform infrared
(FTIR) spectroscopy analyses were performed with a Bruker
Vector 33 FTIR spectrometer at Analytical and Testing
Center of South China University of Technology. KBr pellets
were made by mixing around 1 mg of sample with 200 mg of
KBr. Infrared spectra were obtained at wavenumbers ranging
from 400 cm−1 to 4000 cm−1 at 4 cm−1 resolution, and 32
scans were accumulated for each spectrum.

3. Results

3.1 Characterization of minerals in the run products

The XRD patterns of typical run products are illustrated in
Figure 2, and infrared spectra and scanning electron micro-
scope images are shown in Figures 3 and 4. In olivine-only
experiments at 300°C and 3.0 kbar without silica, olivine
was replaced by serpentine (Figure 2). Infrared spectra of the
run products show typical modes at 954, 1025 and 1075 cm−1

for the stretching vibration of the Si-O group (Figure 3a),
indicating the formation of chrysotile (e.g., Foresti et al.,
2003; Lafay et al., 2014). Brucite was not formed, possibly
due to the dissolution of brucite in saline solutions (e.g., Jöns
et al., 2017). In addition, magnetite was not identified using
XRD (Figure 2).
For experiments at 300°C and 3.0 kbar with well-homo-

genized mixtures of olivine and 10 wt% silica powders,
olivine was transformed into serpentine and talc. X-ray dif-
fraction peaks of serpentine and talc are very broad (Figure
2), which suggests poor crystallinity. Infrared peaks of run
products at 670 and 3677 cm−1 also indicate talc formation,
and these peaks are ascribed to the stretching vibration of Si-
O-Mg and –OH bands, respectively (Liu et al., 2014). In-
frared peaks at 954 and 3692 cm−1 indicate serpentine for-
mation, which are attributed to the stretching vibration of Si-
O and –OH bands in serpentine, respectively (e.g., Foresti et
al., 2003; Lafay et al., 2014). Scanning electron microscopy
(SEM) images show a fibrous morphology of serpentine
(Figure 4), indicating serpentine polymorph is chrysotile
(Lafay et al., 2012). In experiments with well-homogenized
mixtures of olivine and 20 wt% and 40 wt% silica powders,
olivine was transformed into talc without forming serpentine
(Figure 2). Infrared spectra of run products show typical
infrared peaks of talc at 671 and 3677 cm−1 (Figure 3). In-
frared peaks for serpentine, however, are lacking (Figure 3).
Relic olivine was observed in most experiments at 300°C and
3.0 kbar, which has typical infrared peaks at 503, 606, and
885 cm−1 (e.g., Jeanloz, 1980).
In olivine-only experiments at 400–515°C and 3.0 kbar

without silica, olivine was almost completely unaltered after

17–19 days (Huang et al., 2020). Consistently, previous stu-
dies also show that olivine remains stable at temperatures of
≥350°C (Allen and Seyfried, 2003; McCollom and Bach,
2009). With the addition of silica, intensities of the diffraction
peaks for olivine decreased significantly, and intensities of the
diffraction peaks for talc increased greatly (Figure 2), in-
dicating that olivine was more extensively hydrothermally
altered in the presence of silica. In particular, olivine was
completely replaced by talc in experiments at 505°C and 3.0
kbar with the addition of 50 wt% silica powders. The presence
of relic silica in the experimental products indicates that si-
lica-saturated conditions have been reached (Figure 2). XRD
patterns show that talc has much sharper diffraction peaks at
higher temperatures (Figure 2), indicating that talc has better
crystallinity with increasing temperatures. SEM images show
that talc formed at 505°C and 3.0 kbar had larger grain sizes
(~5 μm) than that produced at lower temperatures (~1 μm of
grain sizes at 300°C and 3.0 kbar) (Figure 4).

Figure 2 X-ray diffraction patterns of starting olivine and typical solid
experimental products. Tlc, talc; Ol, olivine; Srp, serpentine.
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3.2 Quantification of serpentine and talc

Fourier-transformed infrared spectroscopy has been widely
used to determine the proportions of hydrous minerals in soil
samples and serpentinized peridotites, with a very low de-
tection limit of 0.01 wt% (e.g., Foresti et al., 2003; Huang et
al., 2017). Serpentine, a major hydrous mineral in olivine-
experiments, was quantified using the calibration curve
based on mixtures of olivine and serpentine (Huang et al.,
2017). Talc is the main hydrous mineral in experiments with
well-homogenized mixtures of olivine and 20–40 wt% silica.
In order to determine the proportions of talc in these ex-
periments, we prepared mixtures of olivine and talc with the
percentage of talc ranging from 0 wt% to 100 wt%. Figure 5
shows that the amounts of talc are positively correlated with
integrated intensity ratios log(A671/A503) (R

2=0.98), where
A671 is the integrated intensity of the infrared band at
671 cm–1 for talc due to the stretching vibration of Si-O-Mg,
and A503 is the integrated intensity of the infrared band at

503 cm–1 for olivine due to the bending vibration of Si-O.
Serpentine and talc are the main hydrous minerals in ex-
periments with olivine and 10 wt% silica. The percentage of
serpentine and talc in the run products was calibrated ac-
cording to standard curves based on mixtures of serpentine,
talc, and olivine, and the proportion of talc in the mixtures
ranged from 12 wt% to 37 wt%. The amounts of talc and
serpentine have a positive correlation with integrated in-
tensity ratios of log(A609+A670)/A503 (R2=0.98, Figure 6),
where A609 represents the integrated intensity of the infrared
band at 609 cm–1 for serpentine, A670 is the integrated in-
tensity of the infrared band at 671 cm–1 for talc, and A503 the
integrated intensity of the infrared band at 503 cm–1 for
olivine. Integrated intensities were obtained by Origin 8.6
following the same procedures for all samples. Repeated
analyses (>3 times) show that the precision of calibration is
±4%.
The proportions of serpentine and talc in the run products

were illustrated in Figure 7 and Table 1. In experiments at

Figure 3 Infrared spectra of starting olivine and solid experimental products. (a) Olivine has typical infrared peaks at 503 and 885 cm−1 (Jeanloz, 1980).
The intensity of these peaks decreased greatly during olivine hydrothermal alteration, leading to serpentine formation with typical infrared peaks at 954 and
3689 cm−1 (Foresti et al., 2003). (b) Experiments at 300°C and 3.0 kbar with well-mixed olivine and 10 wt% silica. Serpentine and talc were produced. Talc
has typical infrared peaks at 668 and 3677 cm−1 (Liu et al., 2014). (c) In experiments at 300°C and 3.0 kbar with olivine and 20 wt% silica, talc was the main
secondary mineral. (d) An increase in the percentage of silica (≥40 wt%) is associated with the replacement of olivine by talc.
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300°C and 3.0 kbar using well-homogenized mixtures of
olivine and 10 wt% silica, the run products were composed
of 10% talc and 5.5% serpentine after 7 days. The percentage
of serpentine and talc was essentially unchangeable after a
longer reaction period (14 days, Table 1). The overall reac-
tion can be written as

4.5Mg2SiO4+5.5SiO2,aq+4H2O=
Forsterite

Mg3Si2O5(OH)4+2Mg3Si4O10(OH)2. (1)
Serpentine Talc

With the addition of 20 wt% silica, the percentage of talc in

Figure 4 Scanning electron microscope images of typical run products. (a) HR116, 300°C and 3.1 kbar, mixtures of olivine and 10 wt% silica powders.
Talc and fibrous chrysotile were produced. (b) HR112, 300°C and 3.1 kbar, with mixtures of olivine and 20 wt% silica. The main secondary hydrous mineral
was talc. (c) HR103, 500°C and 3.0 kbar, with mixtures of olivine and 50 wt% silica. Talc with large grain sizes was formed. Tlc: talc; Srp: serpentine.

Figure 5 The standard curve for the quantification of talc in experiments
with talc as the main secondary mineral. (a) Infrared spectra of well-mixed
olivine and talc. With higher proportions of talc, the intensity of the infrared
band at 670 cm−1 increases. The infrared peak at 503 cm−1 represents O-
Mg-O band in olivine, and its intensity decreases with higher proportions of
talc. (b) The standard curve used to quantify the percentage of talc in the
run products. The amounts of talc are positively correlated with integrated
intensity ratios log(A671/A503) (R

2=0.98).

Figure 6 Standard curves for calibrating the amounts of serpentine and
talc in the run products. These curves were used for experiments with
serpentine and talc as main secondary minerals. (a) The standard curve for
the quantification of talc. The amounts of talc are positively correlated with
the integrated intensity ratios log(A609+A670)/A503) (R

2=0.98). (b) The stan-
dard curve for the quantification of serpentine. The proportions of ser-
pentine are positively correlated with the integrated intensity ratios log(A609
+A670)/A503) (R

2=0.98).
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the run products was 43% after 14 days, which had no ob-
vious increase after a longer reaction period (20 days). With
the addition of 40 wt% silica, olivine was completely
transformed into talc after 20 days (Figure 5). The reaction
can be written as

3Mg2SiO4+5SiO2,aq+2H2O=2Mg3Si4O10(OH)2. (2)
Forsterite Talc

All these suggest that silica greatly influences reaction
pathways during hydrothermal alteration of olivine. Com-
pared to olivine-only experiments with 62% serpentine after
10 days and 76% serpentine after 27 days, the addition of 40
wt% silica promotes the hydrothermal alteration of olivine.
In olivine-experiments at 400–500°C and 3.0 kbar, the run

products contained a very low percentage of serpentine
(<1%) and olivine remained unaltered. Previous studies
suggest that Gibbs free energies of olivine serpentinization at
temperatures of ≥350°C are positive (Allen and Seyfried,
2003; McCollom and Bach, 2009). Olivine was extensively
hydrothermally altered in the presence of silica. In particular,
olivine was completely transformed into talc in experiments
at 505°C and 3.0 kbar with mixtures of olivine and 50 wt%
silica (Figure 2; Table 1). All these suggest that silica greatly
enhances the hydrothermal alteration of olivine.

3.3 Kinetics

The kinetic behavior of olivine hydrothermal alteration in
this study was described by the kinetic pseudo-second-order
model, which has been taken to illustrate the serpentinization
of olivine and peridotite in previous studies (e.g., Lafay et al.,
2012, 2014; Huang et al., 2017). The model describes the
kinetics of olivine hydrothermal alteration by using the var-
iation of alteration extent ξ(%) with time t (day). Alteration
extent is defined as the proportion of secondary minerals.
The differential form of the kinetic model is described as

( )t kd
d = , (3)max

2

where k is the rate constant, ξmax is the maximum alteration
extent at apparent equilibrium (%) and ξ is the alteration
extent (%) at time t (day). The integral form of eq. (3) with
the boundary condition t=0 and ξ=0 yields eq. (4):

t
t t= ×

+  , (4)max
1/2

where t1/2 is defined as 1/(k ξmax), which represents the time
for half of the maximum of alteration extent. The initial-rate
is ν0=ξmax/t1/2.
Table 2 illustrates the kinetic parameters during olivine

hydrothermal alteration. For experiments with well-mixed
olivine and 10 wt% silica, the initial-rate of olivine hydro-
thermal alteration is 2.13×10−7 s−1, which increased to
5.19×10−7 s−1 for experiments with 20 wt% silica, and to
4.82×10−6 s−1 for experiments with higher amounts of silica

(40 wt%). This suggests that silica greatly enhances the
hydrothermal alteration of olivine.

3.4 Molecular hydrogen (H2) formation

Blank experiments were performed at 300–500°C and 3.0
kbar by loading olivine and SiO2 powders into gold capsules
without saline solutions. Molecular hydrogen (H2) was be-
low the detection limit of the gas chromatograph, which
suggests that the detected H2 is formed after the hydration of
olivine rather than released from cracks and fluid inclusions
of olivine. Otherwise, more concentrated dissolved H2 would
be detected.
When olivine was reacted with saline solutions at 300°C

and 3.0 kbar, H2 concentrations in fluids increased from zero
to 94 mmol kg−1 after an experimental duration of 10 days,
which decreased slightly to 80 mmol kg−1 after a longer
period (27 days) (Table 1; Figure 8). Molecular hydrogen
formation is closely associated with the oxidation of ferrous
iron (Fe2+) into ferric iron (Fe3+). The lack of XRD peaks for
magnetite indicates the formation of Fe3+-bearing serpentine
(Andreani et al., 2013; McCollom et al., 2016). With the

Figure 7 The extent of reaction (i.e., the proportions of secondary hy-
drous minerals) as a function of reaction period. The hydrous minerals of
each line denote the total amounts of secondary hydrous minerals in the run
products.
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addition of silica, H2 concentrations in fluids decreased
significantly. For experiments with olivine and 10% silica
powders, H2 concentrations were 8 mmol kg

−1 after 20 days,
around one order of magnitude lower compared to H2 pro-
duced in olivine-experiments (Figure 8). With increasing
amounts of silica (20 wt% and 40 wt%), a further decrease in
H2 concentrations was observed, suggesting that silica im-
pedes molecular hydrogen (H2) production during the hy-
drothermal alteration of olivine. In experiments at
400–500°C and 3.0 kbar, H2 produced in experiments with
mixtures of olivine and silica powders is essentially the same
as H2 formed in olivine-only experiments (Table 1). This
suggests that the influence of silica on H2 production during
the hydrothermal alteration of olivine at 400–500°C and 3.0
kbar is negligible.
Oxygen fugacity of all the experiments in this study was

quantified according to eq. (5):

( )f a K Klog O =2 × log log log , (5)2 H 2 32

where aH2 is dissolved H2 concentration, and K2 and K3 are
equilibrium constants of reactions (6) and (7), respectively.
H =H , (6)2,aq 2,g

H + 0.5O = H O . (7)2,g 2, g 2 1

The activity coefficient for dissolved H2 under the T-P
conditions of this study is 1.5 (Allen and Seyfried, 2003).
Equilibrium constants K2 and K3 were calibrated using
thermodynamic data from SUPCRT 92 (Johnson et al.,
1992). Figure 8b shows that oxygen fugacities in olivine-
only experiments at 300°C and 3.0 kbar are very low, around
four log units below the oxygen fugacity of FMQ (Fayalite-
magnetite-quartz buffer assemblage), i.e., ∆FMQ-4.0. With
the addition of silica powders, oxygen fugacities increase
greatly, up to 0.96 log units below FMQ (∆FMQ-0.96). This
suggests that silica strongly influences the redox conditions
during the hydrothermal alteration of olivine.

4. Discussion

4.1 Influence of silica on the thermodynamics and ki-
netics of olivine hydrothermal alteration

Previous experiments on olivine hydrothermal alteration

have been performed mostly with pure H2O and saline so-
lutions (0.5 mol L−1 NaCl) (e.g., Martin and Fyfe, 1970;
Wegner and Ernst, 1983; Marcaillou et al., 2011; Malvoisin
et al., 2012; McCollom et al., 2016; Huang et al., 2017). A
few experiments have been carried out at 250°C and water-
vapor saturated pressures (39.8 bar) using olivine powder
(140 mg, 35 mm in length) in contact with quartz powder
(40 mg, 10 mm in length) (Oyanagi et al., 2015, 2020). Silica
activity in one sample is largely scattered by up to four orders
of magnitude, resulting in a great influence on the miner-
alogy of the run products. Experiments of Oyanagi et al.
(2015) were performed with highly alkaline solutions

Table 2 Kinetic parameters obtained from the pseudo-second-order model

Starting materials Temperature (°C)
ξmax(%)

t1/2 (days) Initial rate (1 s–1) Fitting r2
Exp. Calc.

Olivine 300 76 100 6.8±0.77 1.69×10−6±1.92×10−7 0.993

Olivine+10 wt% silica 300 12 100 54.2±9.5 2.13×10−7±3.74×10−8 0.890

Olivine+20 wt% silica 300 43 100 22.3±2.8 5.19×10−7±6.52×10−8 0.969

Olivine+40 wt% silica 300 100 100 2.4±1.5 4.82×10−6±3.01×10−5 0.966

Figure 8 (a) Silica impedes greatly hydrogen formation during olivine hy-
drothermal alteration at 300°C and 3.0 kbar. (b) Silica increases oxygen fu-
gacities associated with olivine hydrothermal alteration at 300°C and 3.0 kbar.
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(NaOHaq, pH=13.8 at 25°C). Silica activity is highest at the
olivine-quartz boundary, where smectite and serpentine are
the main secondary hydrous minerals; silica activity de-
creases gradually away from the olivine-quartz boundary,
with serpentine and brucite as the main secondary hydrous
minerals (Oyanagi et al., 2015). The proportions of smectite,
serpentine and brucite in the run products were determined
based on analyses of SEM images, and the area proportion of
smectite and serpentine close to the olivine-quartz boundary
is higher than the amounts of brucite and serpentine (Oya-
nagi et al., 2015), suggesting that silica enhances the hy-
drothermal alteration of olivine. Experiments of Oyanagi et
al. (2020) were performed using a similar approach to that
described in Oyanagi et al. (2015), and saline solutions (0.5
mol L−1 NaCl) were used instead of highly alkaline solutions.
With decreasing silica activity from the olivine-quartz
boundary, three alteration zones were formed: talc; serpen-
tine+talc; and serpentine+brucite+magnetite, and inter-
mediate silica activity in the serpentine+talc zone is
associated with the fastest rates of reaction (Oyanagi et al.,
2020).
When silica powders were added, silica activity during the

hydrothermal alteration of olivine was buffered by the re-
action Quartz=SiO2,aq. At 300°C and 3.0 kbar, silica activity
(logaSiO2,aq) is −1.75 (Manning, 1994), which suggests that
the addition of silica leads to the formation of SiO2-bearing
fluids. The reaction of olivine with SiO2-bearing solutions
produces talc and (±) serpentine, and the mineralogy of run
products is greatly influenced by silica activity (Oyanagi et
al., 2015, 2020). Silica in hydrothermal solutions is mainly in
the complex form of H4SiO4, and the diffusion coefficient of
H4SiO4 is around 1×10

−6 cm2 s−1 (Lichtner et al., 1986). The
characteristic diffusion distance of H4SiO4 is 4.2 mm after
half a day, which is much less compared to the length of
olivine powders in previous experiments (35 mm), resulting
in largely scattered silica activity for each sample, i.e., silica
activity is highest at the olivine-quartz boundary, and it de-
creases gradually away from the boundary (Oyanagi et al.,
2015, 2020). In particular, silica activity in one position
varied with the progress of reaction, as indicated by the
transformation of serpentine into talc and smectite and the
migration of brucite appearance front (Oyanagi et al., 2015,
2020).
Experiments of this study were carried out with well-

mixed olivine and (±) silica powders with a thickness of
<2 mm. Silica activity in the experiments of this study is
much less scattered compared to that in previous experi-
ments (Oyanagi et al., 2015, 2020), as indicated by the same
mineral assemblages in the run products with increasing
reaction time. The experiments of this study suggest that
silica greatly influences reaction pathways during olivine
hydrothermal alteration, and higher silica activity is asso-
ciated with a faster rate of reaction. In experiments at 300°C

and 3.0 kbar with 10 wt% silica, olivine was transformed
into serpentine and talc according to reaction (1) at a very
slow rate, with an initial-rate of 2.13×10−7 s−1. With in-
creasing amounts of silica in the starting reactants (20 wt%
and 40 wt%), olivine has a faster rate of hydrothermal al-
teration, and the initial-rate increases by around one order of
magnitude. The absence of XRD peaks for silica powders in
the run products suggests that olivine hydrothermal altera-
tion proceeded under silica-understatured conditions. In
contrast, relic silica powders were still observed in previous
experiments (Oyanagi et al., 2015, 2020).
Previous experimental studies and thermodynamic simu-

lations have revealed that the rates of olivine serpentinization
at temperatures of ≥350°C are very sluggish, due to positive
Gibbs free energies of olivine hydrothermal alteration (Allen
and Seyfried, 2003; McCollom and Bach, 2009):

2Mg2SiO4+3H2O=Mg3Si2O5(OH)4+Mg(OH)2. (8)
Forsterite Serpentine Brucite

Consistently, our experiments with olivine as the solid
reactant also show a very low degree of serpentine in the run
products, <1%, which is associated with very low production
of H2 (Table 1). In contrast, olivine was completely trans-
formed into talc in experiments at 500°C and 3.0 kbar with
well-mixed olivine and 50 wt% silica, which indicates that
the hydrothermal alteration of olivine in silica-bearing fluids
is thermodynamically feasible under these T-P conditions. In
order to test such a hypothesis, we calibrated Gibbs free
energies of olivine hydrothermal alteration at 100–500°C
and 3.0 kbar using a customized thermodynamic database
compiled with SUPCRT92 (Johnson et al., 1992). Without
the addition of silica, Gibbs free energies of olivine hydro-
thermal alteration at 400–500°C and 3.0 kbar are positive
(Figure 9), which agrees well with previous studies (Allen
and Seyfried, 2003; McCollom and Bach, 2009). Silica
greatly decreases Gibbs free energies of olivine hydro-
thermal alteration that are negative at 400–500°C and 3.0
kbar (Figure 9), leading to an increase in the rates of olivine
hydrothermal alteration.
Previous experiments on the serpentinization of peridotite

show that pyroxene released some of its silica, and the
consumption of silica by olivine hydrothermal alteration
produced serpentine (Huang et al., 2020):

3Mg2SiO4+SiO2,aq+4H2O=2Mg3Si2O5(OH)4. (9)
Forsterite Serpentine

As a result, the hydrothermal alteration of olivine was
slightly enhanced, e.g., at 500°C and 3.0 kbar, ~2–7% of
olivine was hydrothermally altered to form serpentine after
30 days (Huang et al., 2020). As suggested by experiments of
this study, olivine can be completely transformed into talc
under silica-saturated conditions (reaction (2)), suggesting
that silica may be a rate-limiting factor for the hydrothermal
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alteration of olivine at ≥350°C. Interestingly, the Gibbs free
energy of olivine hydrothermal alteration via reaction (2) is
much lower compared to that of reaction (9) (Figure 9),
which indicates that the hydrothermal alteration of olivine in
SiO2-bearing solutions at ≥350°C is thermodynamically
controlled.

4.2 Influence of silica on hydrogen formation during
olivine hydrothermal alteration

The experiments of this study suggest that silica strongly
inhibits hydrogen formation during olivine hydrothermal
alteration at 300°C and 3.0 kbar. Hydrogen production is
very high in olivine-experiments, and H2 concentrations
decreased by around two orders of magnitude in experi-
ments with olivine and silica powders. Consistently, pre-
vious experiments also suggest a decrease in hydrogen
formation during olivine hydrothermal alteration in the
presence of silica-bearing minerals such as pyroxene and
talc (Syverson et al., 2017; Huang et al., 2021). Pyroxene
could leach silica, aluminum (Al), and chromium (Cr)
during hydrothermal alteration, which greatly influence the
serpentinization of olivine (Huang et al., 2020). Aluminum
and Cr promote the serpentinization of olivine and enhance
hydrogen production (Huang et al., 2017, 2019). Pyroxene
increases the rate of olivine serpentinization (Ogasawara et
al., 2013; Huang et al., 2017). However, pyroxene inhibits
hydrogen formation during olivine hydrothermal alteration
by around two orders of magnitude (Huang et al., 2021).
Experiments of this study suggest that the negative effect of

pyroxene on hydrogen formation is mainly due to the re-
lease of silica. With increasing temperatures (400–500°C
and 3.0 kbar), the effect of silica on hydrogen formation
during the hydrothermal alteration of olivine is negligible,
and H2 produced in experiments with well-mixed olivine
and silica was essentially the same as that in olivine-ex-
periments.

4.3 Geological implications

Silica is an important component of geological fluids. The
infiltration of SiO2-rich fluids during hydrothermal alteration
of peridotite is indicated by the occurrence of talc veins in
serpentinized peridotites in the Mid-Atlantic Ridge (Escartín
et al., 2003; Bach et al., 2004). A decrease in MgO/SiO2

ratios of serpentinized peridotites is proposed to result from
serpentinization in SiO2-rich fluids (Malvoisin, 2015). Ser-
pentinites metasomatized by SiO2-rich aqueous fluids have
been reported, where serpentinites have high SiO2 contents
and orthopyroxene is hydrated to form talc and amphibole
(Paulick et al., 2006; Whattam et al., 2022).
The experiments of this study were carried out using well-

mixed olivine and silica powders, in great contrast with
Oyanagi et al. (2015, 2020) with a high silica gradient. Our
experiments suggest that silica greatly influences the reac-
tion pathways and the rates of reaction during olivine hy-
drothermal alteration. The hydrothermal alteration of olivine
in SiO2-bearing fluids produces talc and (±) serpentine, and
such mineral assemblage was also observed in serpentinized
peridotites in the Mid-Atlantic Ridge (Escartín et al., 2003;
Bach et al., 2004). When olivine is replaced by talc and
serpentine, the rates of reaction are very sluggish, much
slower compared to the rates of reaction in experiments with
solely serpentine. At higher silica activity, olivine is replaced
by talc, and the rates of reaction are much faster. In experi-
ments at 300°C and 3.0 kbar, the hydrothermal alteration of
olivine is proceeded according to reaction (1) and (2), which
indicates that the reaction may be limited by silica supply.
After silica powders were completely consumed, the hy-
drothermal alteration of olivine may be greatly influenced by
talc dissolution (reaction (10)):
Mg3Si4O10(OH)2+H2O=Mg3Si2O5(OH)4+2SiO2. (10)
Talc Serpentine
In contrast, the experiments of Oyanagi et al. (2015, 2020)

were performed with a high silica gradient, and olivine hy-
drothermal alteration is greatly influenced by the mass
transport of silica. Relic silica was always observed after
experiments (Oyanagi et al., 2015, 2020), which indicates
that silica-saturated conditions were reached during olivine
hydrothermal alteration.
The experiments of this study suggest that the infiltration

of SiO2-rich fluids during hydrothermal alteration of peri-
dotite decreases H2 formation. Consistently, previous ex-

Figure 9 Effect of silica on Gibbs free energies of olivine hydrothermal
alteration at 100–500°C and 3.0 kbar. Without silica, hydrothermal altera-
tion of olivine proceeds via 6Forsterite+9H2O=3Chrysotile+3Brucite, and
Gibbs free energies at 400–500°C and 3.0 kbar are positive. With pyroxene
as the source of silica, olivine hydrothermal alteration proceeds via reaction
(9), and Gibbs free energies at 400–500°C and 3.0 kbar become negative.
With increasing amounts of silica, the overall reaction for olivine hydro-
thermal alteration is reaction (2), and Gibbs free energies decrease sig-
nificantly.
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periments at 300°C and 3.0 kbar suggest that pyroxene mi-
nerals released some of their silica, which inhibits the for-
mation of H2 during olivine hydrothermal alteration (Huang
et al., 2021). Silica leached from talc decreased H2 produc-
tion during the hydrothermal alteration of olivine (Syverson
et al., 2017). An inverse correlation between SiO2 con-
centrations and dissolved H2 in hydrothermal vents also in-
dicates the negative effect of silica on H2 formation (Seyfried
et al., 2011). All these indicate that silica released from
minerals (e.g., pyroxene, quartz, and talc) inhibits H2 for-
mation.

5. Conclusions

Hydrothermal experiments were carried out at 300–515°C
and 3.0 kbar using mixtures of olivine and SiO2 powders to
study the effect of silica on olivine hydrothermal alteration
and H2 production. With the addition of 10 wt% silica, oli-
vine was hydrothermally altered to form serpentine and talc,
and the hydrothermal alteration of olivine is very sluggish.
With increasing amounts of silica (20 wt% and 40 wt%),
olivine was completely transformed into talc, and the rates of
olivine hydrothermal alteration increased greatly. Silica in-
hibits molecular hydrogen (H2) formation during olivine
hydrothermal alteration at 300°C and 3.0 kbar, and the
concentration of dissolved H2 in aqueous fluids decreases by
around an order of magnitude with the addition of silica. At
400–500°C and 3.0 kbar, the production of H2 in olivine-
only experiments was around one order of magnitude lower
than H2 produced at 300°C and 3.0 kbar, and it was essen-
tially unchangeable with the addition of silica. Olivine in
natural geological settings is typically intimately associated
with SiO2-bearing minerals such as plagioclase and pyrox-
ene. Consequently, olivine hydrothermal alteration and H2

production can be greatly influenced.
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