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Abstract

The kinetics of serpentinization were investigated at 400-500 °C and 3.0-20 kbar using natural olivine and peridotite for
run durations of 9-38 days. The serpentine varieties were lizardite for all the experiments. The serpentinization kinetics at
400 °C and 3.0 kbar and at 500 °C and 20 kbar displayed a sigmoidal kinetic behavior, with very sluggish reaction rates at the
early stage of serpentinization, followed by a sudden increase in the reaction rates. They were 1-2 orders of magnitude faster
than serpentinization kinetics commonly used for modeling serpentinization-related processes. Pressure greatly increases the
rates of peridotite serpentinization at 500 °C, e.g., 19% of reaction extent was achieved within 20days for experiments at
500 °C and 3.0 kbar with starting grain sizes of <30 pm, which increased to 96% for experiments at 500 °C and 20 kbar over
the same period. Compared to olivine, peridotite was serpentinized at much faster rates at 400-500 °C and 3.0 kbar, reflect-
ing the influence of pyroxene and spinel. Pyroxene minerals released some of its SiO, during serpentinization, which was
involved in the serpentinization of olivine, supported by larger amounts of SiO, in olivine-derived serpentine compared to
those of primary olivine. Thermodynamic calculations suggest that Gibbs energy of olivine hydrolysis decreases greatly with
increasing pressures, and it becomes negative at 400-500 °C and 3.0-20 kbar with the involvement of silica. The experimental
results of this study may be applied to natural geological settings where abundant H,O is present.
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Introduction and the mantle wedge (e.g., Escartin et al. 1997, 2001),
influences the recycling of H,O and fluid-mobile elements

A wide range of geological and geophysical evidence sug-  (e.g., Cs, Rb, and Ba) in subduction zones (e.g., Hattori and

gests that the oceanic lithosphere and the mantle wedge are
considerably serpentinized (e.g., Peacock 2001; Hyndman
and Peacock 2003; Hirth and Guillot 2013). Serpentiniza-
tion greatly reduces the strength of the oceanic lithosphere
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Guillot 2003; Scambelluri et al. 2001, 2004; Guillot and
Hattori 2013), triggers partial melting in the mantle and arc
magmatism (Hattori and Guillot 2003; Guillot and Hattori
2013), and may be related to the formation of oceans (e.g.,
Wallmann 2001; Riipke et al. 2004). Serpentine is a hydrous
silicate mineral containing up to 13 wt% H,O and is stable
at depths of greater than 150 km (Ulmer and Trommsdorff
1995; Schmidt and Poli 1998). Therefore, serpentine is an
important chemical reservoir of H,O in subduction zones.
However, the degree of serpentinized peridotites in the man-
tle wedge remains poorly constrained (e.g., Iyer et al. 2010,
2012), which is significant for understanding the recycling
of water in subduction zones, and the dynamics of the past
and present Earth.

Serpentinization kinetics, an essential parameter for quan-
tifying the proportions of serpentine and water in subduction
zones (e.g., Iyer et al. 2010, 2012), have been experimen-
tally studied over 50 years mostly at relatively low pres-
sures (<3 kbar) (Martin and Fyfe 1970; Wegner and Ernst
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1983; Seyfried et al. 2007; Marcaillou et al. 2011; Lafay
et al. 2012, 2014; Malvoisin et al. 2012; McCollom et al.
2016; Huang et al. 2017a). Until now, only Nakatani and
Nakamura (2016) have reported the kinetics of serpentiniza-
tion by reacting crushed powders of olivine + orthopyroxene
and orthopyroxene + clinopyroxene with distilled water at
400-580 °C and 13-18 kbar, and the kinetics of serpenti-
nization were 3—4 orders of magnitude faster compared to
the rates of olivine serpentinization at >350 °C and rela-
tively low pressures (e.g., <3.0 kbar) (Malvoisin et al. 2012;
McCollom et al. 2016). However, the factors that induce
such great contrast, including pressure, temperature, and
fluid compositions, are poorly constrained. In this study, we
re-investigated the rates of serpentinization at 400-500 °C
and 3.0-20 kbar by reacting natural crushed peridotite and
olivine with saline solutions (0.5 M NaCl). We found that
the rates of peridotite serpentinization at 500 °C increased
by around 4 times with increasing pressures from 3.0 to
20 kbar. In particular, the rates of olivine serpentinization at
400-500 °C and 3.0-20 kbar increased significantly with the
presence of pyroxene and spinel.

Materials and methods
Preparation of starting materials

The experimental strategy used in this study was to
react crushed peridotite and olivine with saline solutions
(0.5 mol/L NaCl). The peridotite was sampled at Panshishan
(Jiangsu Province, China), where it occurs as xenoliths in
alkaline basalts (e.g., Chen et al. 1994; Sun et al. 1998; Xu
et al. 2008). The peridotite has a very low loss on ignition,
<0.5% (Yang 2008), which suggests that the sample is fresh
without any lateral hydrothermal alteration. The peridotite
was composed of ~ 65 vol% olivine, 20 vol% orthopyroxene,
15 vol% clinopyroxene, and 1-2 vol% spinel. More detailed
information about the peridotite has been described in pre-
vious studies (Huang et al. 2017a, 2019). The sample was
disaggregated, ground in an agate mortar and then sieved
into starting grain sizes of <30 pum, 42-59 um, 86—-106 pm,
and 100-177 um. These grains were subsequently cleaned
in an ultrasonic bath to remove very fine particles.

Pure olivine grains were picked from crushed peridotite
(>250 pm) under a binocular microscope, and those with
the inclusion of other mineral phases were excluded. The
grains were then cleaned in an ultrasonic bath to remove
very fine particles adhered on the surface of olivine, espe-
cially pyroxene and spinel. Mechanical mixtures of olivine
and pyroxene minerals (i.e., spinel-free peridotite) were
also prepared by removing spinel from crushed peridotite
(>250 pm). Olivine grains and spinel-free peridotite were
ground in an agate mortar and sieved into starting grain sizes
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of <30 um. Subsequently, they were washed in an ultrasonic
bath to eliminate fine grains. Saline solutions (0.5 mol/L
NaCl) were prepared using reagent-grade NaCl and deion-
ized water.

Hydrothermal experiments

All the experiments of this study were performed in a high-
pressure laboratory, Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences (Table 1). Experiments at
400-500 °C and 3.0 kbar were conducted in cold-seal hydro-
thermal vessels. The gold capsules (4.0 mm O. D., 3.6 mm
I. D. and ~ 30 mm long) with solid reactants (~ 50 mg) and
saline solutions (~50 mg) were sealed at both ends with
a tungsten inert gas high-frequency pulse welder (PUK3),
and they were placed at the end of vessels, followed by a
filler rod (~ 60 mm long). Water was taken as the pressure
medium, and pressure was achieved by pumping water into
the vessel and measured by a pressure gauge with a preci-
sion of + 100 bar. Temperature was monitored by an external
K-type thermocouple that was inserted into a hole near the
end of the vessel. The accuracy of temperature is within
+2 °C. Quenching was facilitated with immersion into water
bath, and temperatures decreased to < 100 °C within 10 s.

Experiments at 500 °C and 8.0-20 kbar were performed
in a Quickpress piston-cylinder apparatus (e.g., Xia et al.
2014; Huang et al. 2017b). The assemblies comprised a
NaCl sleeve wrapped in lead foil, an outer Pyrex sleeve, a
graphite furnace and inner rods of MgO. The gold capsules
(3.0 mm O. D., 2.6 mm I. D. and 8 mm long) loaded with
solid reactants (~ 30 mg) and saline solutions (~ 10 mg) were
encased in an MgO sleeve, and they were sealed at both
ends with a tungsten inert gas high-frequency pulse welder
(PUK3). Temperature was measured by an S-type thermo-
couple with a variation of + 1 °C. Hot piston-out method was
taken to pressurize the assembly without friction correction,
which is < 8% based on pressure calibration.

Analytical techniques

All the solid experimental products were recovered, and they
were analyzed by X-ray diffraction (XRD), Scanning elec-
tron microscope (SEM), Fourier transform infrared spectros-
copy (FTIR), Raman spectroscopy, and electron microprobe.
X-ray diffraction analyses were performed with a Smartlab
9KW diffractometer in high-pressure laboratory, Southern
University of Science and Technology. The XRD patterns
were collected using Cu ko, and ka, radiation in the range
20=10-90° with a step size of 0.02° and a counting time
of 10 s per step.

Scanning electron microscope imaging was obtained
using Zeiss Ultra 55 Field emission gun scanning electron
microscope at Second Institute of Oceanography, State
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Table 1 Experimental conditions

Sample no Starting material Grain sizes (um) W/R ratios Time (days) Product amount (%) from FTIR
Serpentine talc olivine pyroxene

400 °C, 3.0 kbar
HR69 Prt <30 0.76 20 99 (2.2)* 2(1.7) 0
HR79 Prt 100-177 0.86 27 24 (3.4) - 35(1.4) 36 (2.0)
HR85 Prt <30 0.95 9 7(5.0) - 42 (2.1) 35
HR90 Prt 100-177 0.93 24 24 (3.6) - 35(1.5) 35(0.2)
HR98 Prt 42-59 0.96 31 18 (3.1) - 37(1.3) 35
HR102 Prt 42-59 1.0 38 48 (3.4) - 24 (1.4) 35(1.0)
HR68 Spl-free prt <30 0.71 20 53 (3.5) - 22 (1.5) 19 (2.0)
HR57 Ol 42-59 1.3 19 0.5 - 100 0.0

500 °C, 3.0 kbar
HR19 Prt 82-106 1.3 19 3(0.5) 7(1.1) 59 (1.0) 32(0.5)
HR21 Prt 82-106 0.90 30 4(0.2) 9 (0.5) 57 (0.4) 31(0.2)
HR71 Prt <30 0.97 20 6(0.1) 13 (0.3) 53(0.2) 28 (0.1)
HR82 Prt <30 1.0 36 6(0.1) 14 (0.3) 53(0.3) 28 (0.1)
HR81 Prt 100-177 1.0 21 7(0.1) 3(0.2) 59 (0.2) 32(0.1)
HR70 Spl-free prt <30 0.97 20 5(0.1) 11 (0.3) 55(0.3) 29 (0.2)
HR83 Spl-free prt <30 1.0 36 5(0.3) 11 (0.7) 55 (0.6) 30(0.3)
HR46 Ol 100-177 1.5 18 0.5 0.0 100 0.0

500 °C, 8.0 kbar
HR23 Prt 100-177 0.83 20 2.6 (0.8) 5.8(1.7) 60 (1.6) 35(1.6)
Fe24 Prt 100-177 0.50 20 2.5 6.2 59 35

500 °C, 20 kbar
HR32 Prt 82-106 0.25 23 61 (1.5) - 19 (0.6) 15 (0.9)
HR89 Prt <30 0.32 15 32(1.2) - 31(0.5) 32(0.7)
HR96 Prt <30 0.31 17 70 (3.5) - 16 (1.4) 10 (2.0)
HR100 Prt <30 0.33 19 96 (3.6) - 3(2.9) 0
HR104 Prt 42-59 0.21 20 80 (1.5) - 11 (0.6) 4(0.9)
HR107 Prt 42-59 0.40 10 22(5.3) - 36 (2.2) 35(0.3)

Prt peridotite, Ol olivine, Spl-free prt spinel-free peridotite

*Numbers in brackets represent standard deviation of analyses after at least three times (+ 15)

Oceanic Administration of China with an accelerating volt-
age of 5 kV.

Fourier transform infrared spectroscopy analyses were
performed using a Bruker Vector 33 FTIR spectrometer at
the Analytical and Testing Center of South China University
of Technology. The spectra were obtained at wavenumbers
ranging from 400 to 4000 cm™! at a resolution of 4 cm™!,
and 32 scans were accumulated for each spectrum. KBr pel-
lets were prepared by mixing approximately 1 mg of sample
powder with 200 mg of KBr.

Raman measurements were performed with a LabRAM
Aramis Raman spectrometer using a laser light at 523 cm™!
with a beam size of ~ 1 pm on the sample at Analytical and
Testing Center of South China University of Technology.
The spectra were recorded between 200 and 4000 cm™".

Chemical compositions of solid products were measured by
aJOEL JXA 8100 electron microprobe at the Second Institute

of Oceanography, State Oceanic Administration of China.
Operating conditions of the electron beam were accelerating
potential of 15 kV and beam current of 20 nA. A beam diam-
eter of 15 um was used for serpentine minerals to avoid devola-
tilization, and a beam diameter of 5 um was used for olivine
and pyroxene minerals. Calibration standards were jadeite (Si,
Na), olivine (Mg), almandine garnet (Fe, Al), diopside (Ca),
sanidine (K), chromium oxide (Cr), rutile (Ti), nickel silicide
(Ni), rthodonite (Mn), and tugtupite (Cl). For Ni, Co, Mn, Cr
and Cl, the counting time was 30 s for peak and 10 s for back-
ground; whereas, other elements were analyzed with 10 s for
peak and 5 s for background.
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Experimental results and discussion
Identification of secondary minerals

X-ray diffraction analyses of the experimental products
show that olivine and pyroxene minerals were replaced by
serpentine minerals for all the experiments of this study
except those at 500 °C and 3.0-8.0 kbar, where serpentine
and talc were produced (Fig. 1). The formation of serpen-
tine was testified by typical infrared bands at 979 cm™!,
1087 cm~! and 3686 cm™' (e.g., Fuchs et al. 1998; Lafay

et al. 2014) (Fig. 2), where the bands at 979 cm~! and
1087 cm™! represent the Si—O group of serpentine and the
band at 3686 cm™! corresponds to the ~OH group (e.g.,
Fuchs et al. 1998; Lafay et al. 2014). Talc has a typical
stretching mode at 671 cm™! for the Si-O-Mg group and
stretching vibration at 3677 cm™! for the —OH group (e.g.,
Liu et al. 2014). Scanning electron imaging suggests that
the shape of serpentine minerals is characteristic of liz-
ardite (Supporting information Figure S1). The Raman
spectra of the experimental products at 500 °C showed
intense peaks at 388 cm~! and 3693 cm™!, and at 381 cm™!
and 3686 cm™!, for experiments at 3.0 and 20 kbar,

edeot ol 0ol 0o ol o

Fig. 1 XRD patterns of the o |
experimental products of this 1 T
study. o olivine, / lizardite, e
enstatite, d diopside, # talc

o/l o/l

E IStarting peridotitg

Intensity (a.u.)

Fig. 2 Identification of the
experimental products using
scanning electron microscopy
imaging and Fourier transform
infrared spectroscopy analyses.
a HR79, 400 °C and 3.0 kbar, b
HR81, 500 °C and 3.0 kbar, and
¢ HR32, 500 °C and 20 kbar. d
FTIR spectra of the experimen-
tal products
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respectively (Figure S1). These Raman peaks correspond
to those of lizardite (Auzende et al. 2004), and the shift
of peak positions at lower wavenumbers with increasing
pressure has been reported by Auzende et al (2004). Anti-
gorite, however, was not observed in all the experimental
products of this study.

Despite occurrences of brucite in many previous experi-
ments (e.g., Malvoisin et al. 2012; McCollom et al. 2016), it
was absent in the experimental products of this study. This
may be attributed to multiple factors: (1) relatively high
temperatures. Thermodynamic models suggest that the pro-
duction of brucite during serpentinization decreases greatly
with increasing temperatures, and brucite may be absent at
temperatures of higher than 350 °C (McCollom and Bach
2009). (2) Silica activity. Compared to olivine, peridotite
has silica activity around 1-2 orders of magnitude higher
(Allen and Seyfried 2003). As suggested by thermodynamic
models, the stability of brucite decreases greatly at higher
silica activity, under which conditions brucite reacts with
silica [Reaction (1)], leading to the production of serpentine
minerals (Frost and Beard 2007):

Mg,SiO, + 4Mg(OH), + 3Si0, = 2Mg;Si,05(OH), .

olivine brucite silica serpentine
ey
Consistently, previous experiments have shown that
brucite is formed after the serpentinization of olivine (e.g.,
Lafay et al. 2012; Malvoisin et al. 2012), and it is absent
after peridotite serpentinization (e.g., Marcaillou et al. 2011;
Huang et al. 2017a, b).

Quantification of serpentinization kinetics

The extent of reaction, which is defined as the proportions
of serpentine and (+) talc in the experimental products,
was quantified by Fourier transform infrared spectroscopy
(Table 1). This technique is very sensitive to the presence
of serpentine minerals, which can detect <0.1 wt% of ser-
pentine (Foresti et al. 2003). Infrared spectroscopy has been
used to determine the proportions of serpentine in soil sam-
ples and experimental products after serpentinization by
calibrating the integrated areas of the —OH band of serpen-
tine (e.g., Foresti et al. 2003; Lafay et al. 2012, 2014; Huang
et al. 2017a). For peridotite experiments with serpentine as
the major secondary mineral, the standard curve for calibra-
tion was established by preparing mechanical mixtures of
serpentine and peridotite with the proportions of serpentine
ranging from 10% to 90%. The standard curve has been illus-
trated in Fig. 3a, showing that the percentage of serpentine
has a positive correlation with 10g(As05/Aso3) (R*=0.98),
where Ajqoq is the integrated intensity of ~OH group in ser-
pentine, and Asy; is the integrated intensity of Si—O group
in olivine. For peridotite experiments with serpentine and
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LOg(A503lA3687)
40
& talc b

— ® serpentine
X 30
H Ry
(0]
£
c
[
2
(O]
(]
o
(6]
©
I_

(A +A

609 670) 503

/A

Fig.3 Standard curves used to calibrate the reaction extent. The
curve in a was used to obtain reaction progresses in experiments at
400 °C and 3.0 kbar and at 500 °C and 20 kbar with serpentine as
the main secondary minerals, and the curves in b were used to obtain
reaction progresses in experiments at 500 °C and 3.0-8.0 kbar with
serpentine and talc as major secondary minerals. The proportion of
serpentine was calibrated according to Y=(1.2+0.1)xX+(0.7+1.1)
(R*=0.97), and the percentage of talc was calculated based on Y= (2.
7+0.3)xX+(1.7+2.5) (R*=0.97)

talc as the main secondary minerals, the standard curve for
calibration was established based on the infrared spectra of
mechanical mixtures of peridotite, serpentine and talc. As
shown in Fig. 3b, the percentage of serpentine and talc in the
mechanical mixtures is positively correlated with integrated
intensity ratios (Ag + Agro)/Ass (R*=0.97, Fig. 3b), where
Ao is the integrated intensity of Mg—O band in serpentine,
Agy 1s the integrated intensity of Si—-O-Mg band in talc,
and A is the integrated intensity of Si—O band in olivine.
Repeated analyses (> three times) showed that the precision
of calibration was +4%.

In olivine experiments at 400-500 °C and 3.0 kbar,
< 1% of reaction extent was achieved after around 18 days
(Table 1), which agrees well with the previous experimen-
tal studies (e.g., Allen and Seyfried 2003; Malvoisin et al.
2012; McCollom et al. 2016). In contrast, for experiments
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at 400-500 °C and 3.0 kbar with peridotite as the starting
reactant, the extent of reaction was significantly enhanced,
e.g., for those at 400 °C and 3.0 kbar with starting grain sizes
of 42-59 pm, 18% of reaction extent was achieved within
31 days, which increased to 48% after longer time (48 days).
The kinetics of peridotite serpentinization at 400 °C and
3.0 kbar and at 500 °C and 20 kbar displayed a sigmoidal
kinetic behavior, with an initially slow reaction rate and a
more rapid reaction rate after longer experimental duration

100 L a @ <30 pum
@ 42-59 um
S anl @ 82-106 um
= 80 © 100-177 um
[
2
x
(0]
C
iel
°
©
(O]
o

0 10 20 30 40 50

Time (days)

100
S
5
% 60
()
[
2 40
©
5
o 20

30

Time (days)

Fig.4 Serpentinization degree (%) as a function of time (days) for
experiments at a 400 °C and 3.0 kbar, and b 500 °C and 20 kbar. Data
were fitted by a sigmoidal kinetic model

(Fig. 4). The serpentinization kinetics were successfully fit-
ted with an empirical Eq. (2):

t—t
£ = c“max/<1 +exp <— b”2>>, @)

where £, is the maximum reaction extent (%) achieved
during serpentinization, £ is the reaction extent (%) at any
time ¢ (day), ¢,, is the duration when half of the maximum of
reaction extent was reached, and b is a constant. The initial
rate of serpentinization, v, (1/day), was calculated by the
following expression:

51118.)(

0T 100 % 1, G

A sigmoidal regression by the least-squares method was
performed to obtain the kinetic parameter ¢,,,, and subse-
quently, the initial rate of serpentinization was calculated
(Table 2). The initial rate of serpentinization was found
to be inversely proportional to the geometrical surface
area of the starting peridotite grains. For experiments at
400 °C and 3.0 kbar with starting grain sizes of <30 um,
the initial rate of serpentinization was 8.93 x 10~ s~!, and it
slightly decreased to 2.89 x 10~ s~! for starting grain sizes
of 100-177 um. This suggests that fluid/peridotite interface
depending on starting grain sizes of peridotite greatly influ-
ences the initial rate of serpentinization.

The kinetic data of this study were also fitted with the
Avrami equation (Avrami 1939), which is expressed as:

& = 1 —exp(-k"), “

where k is a rate constant and n is an Avrami exponent.
Converting Eq. (4) into logarithms:

In(—In(1 — &)) = Ink + nlnz. 4)

The rate constant (k) and Avrami exponent (n) were
obtained by fitting In(—In(1 — &)) versus Int (Fig. 5). The
Avrami exponent was > 1 for experiments at 400 °C and
3.0 kbar and at 500 °C and 20 kbar (Fig. 5), which indi-
cates that the serpentinization reactions may be interface
controlled. The rate constant k is expressed as G X S, where
G (m s™!) is defined as the reaction rates and S is the specific

Table 2 Kinetic parameters

obtained from the sigmoidal T (°C) P (kbar) Starting grain & .. t,, (days) Initial rate (1/s) Fitting P
ize (pm) e

model Exp. calc
400 3.0 <30 99 100 12.96 +£0.01 8.93E-7+6.89E-10 0.999
400 3.0 42-59 38 100 38.39+0.01 3.01E-7+7.80E-11 0.999
400 3.0 100-177 26 100 40.10+5.86 2.89E-7 +4.90E-8 0.906
500 20 <30 96 100 15.92+0.09 7.27E-7+4.13E-9 0.997
500 20 42-59 80 100 14.79+0.30 7.82E-7+1.62E-8 0.998
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Fig.5 The fit of serpentiniza- B 500 °C, 20 kbar, <30 ym W 500 °C, 20 kbar, 42-59 um
tion kinetics of this study with 0.5}
Avrami equation. a 500 °C and 10
20 kbar with starting grains of 0.0
peridotite <30 pm; b 500 °C ~ |
and 20 kbar with starting . w7
grains of peridotite 42-59 pm; ’f T_T: -0.5+
¢ 400 °C and 3.0 kbar with = or k=4
starting grains of peridotite =
<30 pm; and d 400 °C and - -1.0
3.0 kbar with starting grains of n=2.69
peridotite 42-59 pm K=15x 10"
RS -1.5
b
5.9 6.0 6.1 54 5.6 58 6.0 6.2
Int (hours) Int (hours)
2
W 400 °C, 3.0 kbar, <30 um -0.4 - M 400 °C, 3.0 kbar, 42-59 um
1+
= ~-08}
< o} o
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=4 z
At £ 2L
_ n=5.86
2 n=5.20 K=2.7 x 10
K=6.1 x 10 16L
3 ° d
T 54 5.6 5.8 6.0 6.2 6.6 6.7 6.8
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surface area (Supporting information Table S1). For experi-
ments at 400 °C and 3.0 kbar, the reaction rates were cal-
culated to be 2.68 x 107* m s™! for starting grain sizes of
42-59 pm, which increased to 6.15 x 107" m s~ for starting
grain sizes of <30 pm. In contrast, for experiments at 500 °C
and 20 kbar, the reaction rates were 1.48 x 1072 m s~ for
starting grains sizes of 42-59 pm, which became even
slower for starting grain sizes of <30 pum, 1.79x 10" ms~!,
possibly reflecting that the serpentinization reactions at high
pressures may not be solely controlled by dissolution of oli-
vine and pyroxene minerals.

Influence of pressures, pyroxene, and spinel
on serpentinization rates

Previous experiments conducted at <300 °C and 500 bars
have revealed that the serpentinization of olivine invokes
coupled dissolution and precipitation processes, and the
dissolution of olivine may be a controlling factor during
serpentinization (e.g., Lafay et al. 2012, 2014; Malvoisin
et al. 2012). Consistently, dissolution features were produced
after the serpentinization of peridotite for experiments of
this study (Fig. 5). The ultra-slow rates at the early stage of
serpentinization (~ 10 days), however, suggest that serpen-
tinization at 400 °C and 3.0 kbar and at 500 °C and 20 kbar
may be rate limited by the nucleation and growth of lizardite

rather than the dissolution of olivine and pyroxene minerals,
due to positive temperature dependence of the dissolution
of olivine and pyroxene minerals (Wood and Walther 1983).
The difficulty in nucleating lizardite at the early stage of
serpentinization may be closely associated with a positive
Gibbs energy of forsterite hydrothermal alteration (AG
at temperatures of >350 °C [Eq. (6)]:

I'XH)

2Mg,Si0, + 3H,0 = Mg(OH), + Mg;Si,05(OH), .

Forsterite Brucite Serpentine (6)

This is supported by very low extent of reaction achieved
in olivine-experiments at 400—500 °C and 3.0 kbar, which
agrees well with the previous experimental studies (e.g.,
Malvoisin et al. 2012; McCollom et al. 2016). However,
the kinetics of peridotite serpentinization under the same
T-P conditions were significantly enhanced. In particular,
several lines of evidence suggest that olivine was replaced
by serpentine minerals with the presence of pyroxene and
spinel: First, backscattered electron imaging of the experi-
mental products directly shows that olivine was replaced by
serpentine minerals (Fig. 6). Moreover, a decrease in the
intensities of X-ray peaks for olivine was associated with an
increase in the intensities of X-ray peaks for serpentine and
(=) talc (Fig. 1). Additionally, the percentage of residual
olivine in the experimental products was ranged from 2% to
42% (Table 1), which is much lower than the proportion of
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Fig.6 Backscattered electron
images of the reaction products.
a HR78, 400 °C and 3.0 kbar,
and b HR32, 500 °C and

20 kbar. a, b show the replace-
ment of olivine by serpentine
minerals, leading to the forma-
tion of dissolution patterns. ¢
HR21, 500 °C and 3.0 kbar,
olivine was transformed into
serpentine minerals. d HR21,
olivine was replaced by talc and
iron oxide

olivine in primary peridotite (~65%). All these indicate that
olivine can be transformed into serpentine minerals under
the investigated conditions.

The replacement of olivine by serpentine minerals in
the experiments of this study suggests that Gibbs energy
of forsterite hydrothermal alteration (AG,,,) is negative. In
contrast, Allen and Seyfried (2003) performed experiments
at 400 °C and 500 bars with mixtures of olivine and orthopy-
roxene as starting reactants, and they found that olivine
adjacent to orthopyroxene still remained fresh after 70 days
of reaction. This is mainly attributed to a positive AG,,,
for forsterite hydrolysis at 400 °C and 500 bars (Allen and
Seyfried 2003). However, Nakatani and Nakamura (2016)
showed that the serpentinization of olivine can proceed at
400 °C and 13 kbar, forming serpentine and brucite. This
implies that pressure may enhance the rates of serpentiniza-
tion, which is further supported by an increase in the rates
of serpentinization in experiments of this study at 500 °C.
For experiments at 500 °C and 3.0 kbar using peridotite with
starting grain sizes of <30 pm, 19% of reaction progress
was achieved after 20 days; for experiments at 500 °C and
20 kbar using peridotite with starting grain sizes of <30 pm,
96% of reaction extent was achieved after 19 days (Table 1).

The increase in the rates of serpentinization at higher
pressures may be associated with a decrease in Gibbs energy
of forsterite hydrolysis [Reaction (4)]. Such hypothesis was
testified by performing thermodynamic calculations using
customized thermodynamic database compiled with SUP-
CRT92 (Johnson et al. 1992). The calibration has revealed
that AG_,, for forsterite hydrolysis at 400 °C and 500 bars
is 7.89 kcal/mol, which agrees well with Allen and Seyfried
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(2003). Gibbs energy of forsterite hydrothermal altera-
tion as a function of pressure has been illustrated in Fig. 7,

showing that AG,,, decreases greatly with increasing pres-
sures. Despite such decrease, AG,,, of forsterite hydrolysis
at 400-500 °C and 3.0 kbar is still positive, which cannot
account for the observed hydrothermal alteration of olivine
under these conditions. This indicates that the serpentiniza-
tion of olivine at temperatures of >350 °C may not be solely
influenced by pressures, but also affected by the presence of
pyroxene and spinel.

Electron microprobe analyses of the experimental prod-
ucts in this study suggest that serpentine formed after the
hydrothermal alteration of pyroxene contained much less
Si0, than that of primary pyroxene (Figs. 8, S2; Table S2).
In contrast, serpentine formed after the hydrothermal altera-
tion of olivine had more SiO, than that of primary olivine
(Figs. 8, S1). As suggested by experimental simulations,
hydrothermal alteration of pyroxene released dissolved SiO,
around one order of magnitude higher than that leached after
hydrothermal alteration of olivine (e.g., Allen and Seyfried
2003). This indicates that the SiO, released from pyroxene
minerals was involved into olivine hydrolysis:
3Mg,SiOy4 + SiO,,q +4H,0 = 2Mg;Si,05(OH), .

Forsterite Silica Serpentine (7)

The role of silica on the hydrothermal alteration of olivine
was examined by calibrating AG,,, of forsterite hydrolysis
[Reaction (5)]. As illustrated in Fig. 7b, the involvement of
silica during serpentinization results in a negative AG,,, of
forsterite hydrolysis at 400-500 °C and 3.0 kbar (Fig. 7b),
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Fig.7 Effect of pressure on Gibbs energy of olivine hydrolysis at
temperatures of 300-500 °C. a Olivine hydrolysis via 6Forster-
ite + 9H,0 =3Chrysotile + 3Brucite, and b olivine hydrolysis via
3Forsterite + SiO,,q) +4H,0 =2Chrysotile. With the involvement of
silica, Gibbs energy of olivine hydrolysis becomes more negative at
higher pressures

which accounts well for the observed rates of behavior in
the experiments of this study. Consistently, Martin and Fyfe
(1970) showed that 5% of reaction extent was achieved in
experiments at 350 °C and 2.2 kbar using solely forster-
ite, and 20% of reaction extent was reached for experiments
with mixtures of forsterite and enstatite as starting materials.
Moreover, thermodynamic models suggest that for experi-
ments with harzburgite at 350 °C and 350 bars, 35-55% of
the original olivine is converted into serpentine minerals
before reaching equilibrium (McCollom and Bach 2009).
All these indicate that pyroxene minerals may promote the
hydrothermal alteration of olivine.

The role of pyroxene minerals on the kinetics of serpen-
tinization was studied, and hydrothermal experiments were
performed at 400-500 °C and 3.0-20 kbar with mechanical
mixtures of pyroxene and olivine (i.e., spinel-free perido-
tite). Compared to olivine-only experiments, an increase in
the rates of serpentinization was observed (Fig. 9), e.g., in
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o
£ $ o
[
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Q ([}
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36 40 44 48 52 56
SiOz2 of primary minerals (wt%)

@ HR27 olivine

® HR27 clinopyroxene
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O Ol-experiment

Loss

SiO2 of serpentine (Wt%)

500 °C, 3.0 kbar
| |

36 40 44 48 52 56
SiO2 of primary minerals (wt%)

Fig.8 Partitioning of SiO, between primary minerals (olivine,
orthopyroxene and clinopyroxene) and their coexisting serpentine in
experiments a at 500 °C and 8.0 kbar and b at 500 °C and 3.0 kbar.
“Ol-experiment” represents experiments performed at 311 °C and
3.0 kbar with olivine as the starting material (Huang et al. 2017a).
The data above the 1:1 line indicate a gain of SiO, during serpenti-
nization, and the data below the 1:1 line suggest a loss of SiO,. Ol
olivine, opx orthopyroxene, cpx clinopyroxene

experiments at 400 °C and 3.0 kbar with mechanical mix-
tures of pyroxene and olivine, 53% of reaction extent was
reached for starting grain sizes of <30 um after 20 days,
which is much higher than the extent of reaction achieved in
olivine-only experiments (< 1%). This suggests that pyrox-
ene accelerates the hydrothermal alteration of olivine.

The experimental results of this study indicate that the
serpentinization of individual minerals (e.g., olivine and
pyroxene minerals) differs greatly from the hydrothermal
alteration of their combinations (peridotite). To illustrate the
serpentinization of olivine and pyroxene minerals during
the hydrothermal alteration of peridotite, we quantified the
proportions of serpentinized olivine (pyroxene), which are
the mass ratios between olivine (pyroxene) that was trans-
formed into serpentine and primary olivine (pyroxene),
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Fig.9 Influence of pyroxene and spinel on serpentinization kinetics.
Experiments at 400 °C and 3.0 kbar and at 500 °C and 3.0 kbar were
conducted with run duration of 20 days. In experiments at 400 °C
and 3.0 kbar, spinel and pyroxene greatly increase the rates of olivine
serpentinization, consistent with Huang et al (2017a). At 500 °C and
3.0 kbar, the influence of spinel on the serpentinization of olivine is
negligible, and pyroxene greatly increases the kinetics of olivine ser-
pentinization

X'= Mg/ Miyripmary, The procedures for calibrating the percent-
age of serpentinized olivine and pyroxene have been detailed
in previous experimental studies (Huang et al. 2017a, 2019).
As illustrated in Fig. 10, the proportions of serpentinized
pyroxene were close to zero at the early stage of serpenti-
nization (e.g., reaction extent of <20%). With progressive
serpentinization, the proportions of serpentinized pyroxene
increased, while they were still much lower than the propor-
tions of serpentinized olivine at reaction extent of <80%.
This indicates that pyroxene minerals were serpentinized
at much slower rates compared to olivine during peridotite
serpentinization. In contrast, previous experiments using
individual olivine and pyroxene minerals have shown that
pyroxene minerals were serpentinized at much faster rates
than olivine at temperatures of >350 °C (Martin and Fyfe
1970). This indicates that the serpentinization of pyroxene
minerals was impeded during the hydrothermal alteration
of peridotite. This is possibly associated with transport of
silica released from pyroxene minerals to the serpentiniza-
tion of olivine. Silica triggers the hydrothermal alteration of
olivine, and consequently the serpentinization of pyroxene
minerals may be retarded. The largely scattered SiO, con-
tents of serpentine minerals formed after olivine hydrother-
mal alteration indicate that silica may be locally transported
(Table S2). This indicates that serpentinization at tempera-
tures of 400-500 °C may be limited by transportation of
SiO, especially at the start of experiment, which may explain
the ultra-slow rates at the early 10 days.

On the other hand, the kinetics of olivine serpentiniza-
tion can be greatly influenced by spinel. The effect of spinel
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function of reaction extent (%). a 400 °C and 3.0 kbar, and b 500 °C
and 20 kbar

was investigated by performing hydrothermal experiments
at 400-500 °C and 3.0 kbar with spinel-bearing and spinel-
free peridotite (Table 1). For experiments at 400 °C and
3.0 kbar, the extent of reaction after serpentinization of spi-
nel-bearing peridotite was significantly higher than that after
hydrothermal alteration of spinel-free peridotite within the
same experimental duration, suggesting that spinel greatly
enhances the serpentinization of olivine. However, for exper-
iments at 500 °C and 3.0 kbar, the extent of reaction reached
during the serpentinization of spinel-bearing peridotite was
essentially the same as that achieved after the hydrothermal
alteration of spinel-free peridotite (Fig. 9), suggesting that
the influence of spinel on the kinetics of serpentinization is
minor. Hydrothermal experiments with mechanical mixtures
of olivine and spinel were also performed at 500 °C and
3.0 kbar, and olivine was essentially non-altered after around
20 days. This suggests that silica released from pyroxene is
a requisite for the serpentinization of olivine at temperatures
of >350 °C, which greatly decreased the Gibbs free energy
of the serpentinization of olivine. Spinel, however, may
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kinetically influence the serpentinization of olivine rather
than thermodynamically.

Our recent experimental study shows that pyroxene and
spinel greatly accelerate the hydrothermal alteration of oli-
vine, resulting from releases of aluminum from pyroxene
and spinel (Huang et al. 2017a). Aluminum accelerates the
hydrothermal alteration of olivine by around 1-2 orders of
magnitude (Andreani et al. 2013). To study the mobility
of aluminum in experiments of this study, we determined
chemical compositions of olivine- and pyroxene-derived ser-
pentine minerals using electron microprobe. It shows that
pyroxene-derived serpentine has much less Al,O; compared
to that of primary pyroxene (Figure S3), e.g., for experiments
at 400 °C and 3.0 kbar on peridotite, serpentine formed after
orthopyroxene serpentinization has 3.43 +1.03 wt% Al,0;,
much less than the Al,O5 contents of primary orthopyrox-
ene (4.1 +0.20 wt%). Therefore, pyroxene minerals released
some of their Al during peridotite serpentinization. In con-
trast, serpentine formed after olivine serpentinization has
much larger Al,O; contents compared to the Al,O5 contents
of primary olivine. This indicates that aluminum released
from pyroxene minerals was involved in the serpentinization
of olivine, which agrees well with the previous results (e.g.,
Dungan 1979; Golightly and Arancibia 1979; Hébert et al.
1990; Huang et al. 2017a). Releases of aluminum from spi-
nel were indicated by the formation of magnetite rind around
primary spinel in experiments at 400-500 °C and 3.0 kbar;
while, Al-depleted ferrichromite and (+) magnetite rinds
were produced at 500 °C and 20 kbar (Figure S4). The role
of aluminum on the serpentinization processes, however, is
minor especially at 500 °C and 3.0 kbar, indicated by very
low reaction extent (< 10%) in experiments with mechani-
cal mixtures of olivine and Al,O; fine powders as starting
reactants.

Comparisons with previous studies

Previous experiments on the kinetics of serpentinization
were performed mostly at temperatures of <300 °C and 500
bars with olivine as the starting reactant (e.g., Martin and
Fyfe 1970; Wegner and Ernst 1983; Malvoisin et al. 2012;
Lafay et al. 2012, 2014; McCollom et al. 2016). The kinetics
of olivine serpentinization as a function of temperature dis-
play a bell-shaped curve with a maximum centered around
270 °C for synthetic forsterite and ~300 °C for natural
olivine, and they decreased by around 1-2 orders of mag-
nitude at temperatures of higher than 350 °C (Martin and
Fyfe 1970; Wegner and Ernst 1983; Malvoisin et al. 2012;
McCollom et al. 2016). In contrast, the experiments of this
study show that the kinetics of peridotite serpentinization at
400 °C and 3.0 kbar and at 500 °C and 20 kbar are around
1-3 orders of magnitude faster than the rates of olivine ser-
pentinization under the same T—P conditions. Temperature
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Fig. 11 Reaction extent (%) as a function of temperature. Data at
200-300 °C and 3.0 kbar are from Huang et al. (2017a) and others are
from the experiments of this study

dependence of the rates of peridotite serpentinization has
been illustrated in Fig. 11. It shows that pressure greatly
influences the rates of serpentinization, e.g., the kinetics of
peridotite serpentinization at 500 °C and 3.0-8.0 kbar are
around four times slower than the rates of reaction at 500 °C
and 20 kbar (Table 1). Consistently, Nakatani and Naka-
mura (2016) have studied the kinetics of serpentinization at
400-580 °C and 13-18 kbar, and they showed that olivine
was transformed into serpentine at 400 °C and 13 kbar. The
rates of olivine serpentinization in Nakatani and Nakamura
(2016) were much faster compared to those at low pressures
(e.g., 500 bars) (e.g., Allen and Seyfried 2003), indicating
that pressure promotes the serpentinization of olivine.

The influence of pressure on the rates of serpentinization
at 500 °C may be associated with mineral assemblages of run
products. For experiments at 500 °C and 3.0-8.0 kbar with
peridotite as the starting reactant, olivine was transformed
into serpentine, and pyroxene minerals were replaced by ser-
pentine and talc; for experiments at 500 °C and 20 kbar, ser-
pentine minerals were the major secondary minerals without
the formation of talc. Electron microprobe analyses of the
run products show that talc has ~60 wt% SiO,, much larger
than the SiO, contents of serpentine (Table S2). Therefore,
the formation of talc at 500 °C and 3.0 kbar suggests higher
silica activity compared to high-pressure experiments.
Despite the relatively low silica activity of our experiments
at 500 °C and 20 kbar, pressure may not be the controlling
factor for silica activity. Nakatani and Nakamura (2016)
performed experiments at 500 °C and 18 kbar with mix-
tures of olivine and orthopyroxene as starting reactants, and
the major secondary minerals were composed of talc and
serpentine. This indicates that mineralogy of starting reac-
tants (e.g., the presence of spinel) may greatly influence the
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formation of talc and silica activity. Spinel in experiments
of this study at 500 °C and 3.0 kbar was surrounded by a
thin layer of magnetite. In contrast, spinel in experiments
at 500 °C and 20 kbar was reacted with SiO,-rich aqueous
fluids, which was more extensively altered, producing ferri-
chromite and chlorite (Figure S3). This may induce releases
of more aluminum from spinel at high pressures, and conse-
quently the rates of reaction can be accelerated.

Compared to the kinetics of serpentinization reported
by Nakatani and Nakamura (2016), the kinetics of this
study are around 10-20 orders of magnitude slower. The
discrepancy may be associated with multiple factors: (1)
analytical method. Nakatani and Nakamura (2016) quanti-
fied the amount of serpentine and talc in the experimental
products on the basis of the area fraction of relict miner-
als with respect to all minerals (R =A,.j;./Aciq)> With the
assumption that the density of relict minerals (serpentine
and talc) is quite comparable with that of primary olivine
and pyroxene minerals. However, the serpentinization of oli-
vine and pyroxene minerals typically forms a porous matrix
(Nakatani and Nakamura, 2016). This suggests that serpen-
tinization processes may be associated with volume changes,
which may lead to an increase in the surface area and, conse-
quently, faster rates of serpentinization can be obtained. (2)
secondary minerals in the experimental products. Nakatani
and Nakamura (2016) performed experiments mostly with
mixtures of orthopyroxene and clinopyroxene, and mixtures
of olivine and orthopyroxene, and the secondary minerals
were serpentine and talc. In contrast, the main secondary
minerals of this study were serpentine. Compared to ser-
pentine (~40 wt%), talc has larger SiO, contents (~60 wt%).
This indicates that silica activity (ag;,) in experiments of
Nakatani and Nakamura (2016) may be higher than that of
this study, which may consequently influence the serpentini-
zation kinetics. (3) chemical compositions of starting fluids.
Distilled water was used in the experiments of Nakatani and
Nakamura (2016), and saline solutions (0.5 M NaCl) were
taken in this study. As suggested by Lamadrid et al. (2017),
the rates of olivine serpentinization are strongly controlled
by fluid salinity, which decreased by 1-2 orders of magnitude
with increasing fluid salinity from 1 wt% to 10 wt% NaCl.
The influence of fluid salinity on serpentinization rates may
be associated with the structual incorporation of chlorine
into serpentine (Huang et al. 2018). (4) kinetic behavior.
The kinetics of serpentinization in Nakatani and Nakamura
(2016) described a fast mass transfer followed by a slow
equilibration of mass transfer. In contrast, the kinetic data
of this study displayed a sigmoidal behavior, with a sluggish
rate at the early stage of serpentinization and followed by a
faster rate with progressive hydrothermal reaction. All these
factors may induce a great discrepancy between serpentini-
zation kinetics reported in Nakatani and Nakamura (2016)
and those of this study.
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Geological implications

Serpentinites in subduction zones form under a wide range
of temperatures and pressures, and they may have three pos-
sible protoliths: (1) forearc mantle peridotite is hydrated by
aqueous fluids released from subducted slabs, (2) abyssal
peridotites hydrated at shallow depths near the seafloor and
mid-oceanic ridges and, (3) hydrated ultramafic cumulates
(e.g., Saumur et al. 2010; Evans et al. 2013). Geophysical
models have utilized the kinetics of serpentinization espe-
cially data from Martin and Fyfe (1970) to quantify the
proportions of serpentine in subduction zones (e.g., Iyer
et al. 2010, 2012). However, previous experiments about
serpentinization kinetics were performed at relatively low
temperatures (e.g., <300 °C) and low pressures (e.g., <3
kbar) mostly with olivine as the starting reactant (e.g., Mal-
voisin et al. 2012; Lafay et al. 2012, 2014; McCollom et al.
2016; Huang et al. 2017a), and they may not apply to ser-
pentinization at high pressures associated with subduction
zones where olivine is commonly associated with pyroxene
and spinel.

The three common serpentine minerals are lizardite,
chrysotile, and antigorite. As suggested by thermodynamic
models, the stability temperature of lizardite is lowest (i.e.,
125 °C), followed by chrysotile (180 °C), and the stability
temperature of antigorite is highest (235 °C) (e.g., Evans
et al. 1976). In particular, dehydration experiments show
that antigorite can be stable at 700 °C and relatively high
pressures (e.g., ~24 kbar) (Ulmer and Trommsdorff 1995).
All these observations suggest that antigorite is the predomi-
nant serpentine mineral in subduction zones especially at
great depths (e.g., O’Hanley 1996). Consistently, petrologi-
cal observations of natural serpentinites from the Alpine
paleo-accretionary wedge show that lizardite and chryso-
tile are the dominant serpentine minerals at temperatures
below 300 °C, and antigorite is the main stable serpentine
mineral at temperatures above 390 °C (e.g., Schwartz et al.
2013; Guillot et al. 2015). However, antigorite is always
absent in hydrothermal experiments performed within the
stability field of antigorite (Malvoisin et al. 2012; McCollom
et al. 2016; Huang et al. 2017a, b), except one experiment
of Nakatani and Nakamura (2016) conducted at 580 °C and
18 kbar with mechanical mixtures of olivine and orthopy-
roxene as starting reactants. Petrological observations also
suggest that antigorite cannot form directly from olivine
hydrolysis (Wicks and Whittaker 1977), while it can be pro-
duced after the metasomatism of lizardite by CO,-bearing
fluids (e.g., Wu et al. 2018). Therefore, lizardite may be a
precursor of antigorite in subduction zones at great depths.
The stability of lizardite can be greatly influenced by multi-
ple factors, including the incorporation of Al and Fe, and pH
and chemical compositions of starting fluids (e.g., Seyfried
and Dibble 1980; O’Hanley et al. 1989; Hilairet et al. 2006;
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Huang et al. 2017a, b). Aluminum enlarges the stability
temperature range of lizardite, and lizardite can be stable at
400-500 °C (O’Hanley et al. 1989). Consistently, our experi-
mental results have revealed that lizardite can be stable up
to 500 °C and 20 kbar. Pressure (up to 10 GPa), however,
has a minor influence on the stability field of serpentine
minerals (Hilairet et al. 2006). On the other hand, Costa
et al. (2008) proposed that antigorite may not result from
high-temperature prograde metamorphism, and it may be
produced at temperatures well below 300 °C. Therefore, the
formation mechanisms of antigorite still remain poorly con-
strained, which may explain the discrepancy of experimental
results from observations of natural samples. Despite such
discrepancy, the experimental results of this study may still
be applied to serpentinization of ultramafic rocks in natural
geological settings where water is abundant.

Conclusions

The kinetics of serpentinization was studied by performing
hydrothermal experiments at 400-500 °C and 3.0-20 kbar
with natural ground olivine and peridotite as starting materi-
als. Compared to olivine, peridotite is serpentinized at rates
around 1-2 orders of magnitude faster. For experiments at
400-500 °C and 3.0 kbar with olivine as the starting mate-
rial, < 1% of reaction extent was achieved after 19 days of
serpentinization, which agrees well with previous experi-
mental results (Martin and Fyfe 1970; Wegner and Ernst
1983; Malvoisin et al. 2012). In contrast, the kinetics of
peridotite serpentinization are one—two orders of magnitude
faster compared to the rates of olivine serpentinization, e.g.,
at 400 °C and 3.0 kbar and at 500 °C and 20 kbar, serpenti-
nization reactions were completed within 20 days for peri-
dotite with starting grain sizes of <30 um. The replacement
of olivine by serpentine minerals was supported by FTIR
analyses and observations under backscattered electron
imaging. This is mainly attributed to the effect of pressure
and the presence of pyroxene and spinel. Thermodynamic
calculations show that Gibbs energy of olivine serpentini-
zation decreases greatly with increasing pressure. Pyroxene
minerals released some of their silica during the hydrother-
mal alteration of peridotite. The involvement of silica into
serpentinization processes results in a more negative Gibbs
energy of olivine hydrolysis with increasing pressures, and
consequently the kinetics of peridotite serpentinization can
be greatly enhanced.
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