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Abstract Hydrothermal experiments were performed at 311°C and 3.0 kbar on natural olivine and
peridotite to investigate the kinetics of serpentinization. The results show that the rates of reaction strongly
depend on grain sizes of solid reactants, with smaller grain sizes resulting in faster kinetics. After 27 days of
reaction, the reaction extent was 99% for peridotite with grain sizes of <30 um, and the reaction extent was
28% for grain sizes of 100-177 um. Compared to peridotite, olivine is serpentinized at much slower rates,
e.g., 5.3% of reaction extent was achieved for olivine with grain sizes of 100-177 um after 27 days,
approximately five times lower than that reached during peridotite serpentinization. Such contrasting results
are due to the presence of pyroxene and spinel, an interpretation which is supported by a marked increase in
reaction extents for experiments with the addition of pyroxene and spinel. The reaction extent achieved

in experiments with 3 wt % spinel greatly increased to 98% after 27 days, much higher than that achieved
during olivine serpentinization. These results appear to be related to pyroxene and spinel releasing Al and Cr
during serpentinization. As indicated by compositions of serpentine, orthopyroxene lost ~60% of Al at a
reaction extent of 59%. Influence of Al and Cr is suggested by a dramatic increase in reaction extents with the
addition of Al,O3 and Cr,03 powders. Olivine in natural geological settings is commonly associated with
pyroxene and spinel; consequently, serpentinization kinetics may be much faster than previously thought.

1. Introduction

Serpentinization, a low-temperature (<550°C) hydrothermal alteration of ultramafic rocks (typically peridotite
and komatiite), has attracted considerable attention not only of geologists but also of chemists and biologists
[e.g., Charlou et al., 1998, 2002; Holm and Charlou, 2001; Kelley et al., 2001; Schrenk et al., 2004, 2013; Brazelton
et al,, 2006, 2010; Lang et al., 2010; Huang et al., 2016]. Serpentinization primarily occurs in two geological set-
tings on the Earth: (1) at spreading mid-ocean ridges where mantle-derived rocks react with seawater [e.g.,
Hébert et al., 1990; Charlou et al., 1998, 2002] and (2) in subduction zones via the reaction between peridotites
from the mantle wedge and subduction-released aqueous fluids [e.g., Hyndman and Peacock, 2003; Mével,
2003]. The presence of serpentine has also been detected on the surface of Mars and other terrestrial planets
[e.g., Ehimann et al., 2008, 2009, 2010]. Serpentinization greatly modifies the physical, mechanical, and
chemical properties of the oceanic lithosphere [e.g., Scambelluri et al, 1995; Escartin et al., 1997, 2001;
Guillot and Hattori, 2013]. It leads to dramatic decreases in density and strength [Escartin et al., 1997, 2001]
and possibly increases in volume [Mével, 2003]. A very low degree of serpentinization (~10%) significantly
decreases the strength of olivine [Escartin et al., 1997, 2001]. Serpentine minerals can incorporate abundant
H,O (up to 13.5 wt %) and fluid-mobile elements, such as, Sr, and Ba [e.g., Scambelluri et al., 1995, 2001,
2004; Hattori and Guillot, 2003; Deschamps et al., 2012; Guillot and Hattori, 2013]. Thermodynamic and experi-
mental simulations show that serpentine minerals can be stable at depths greater than 200 km [UImer and
Trommsdorff, 1995; Schmidt and Poli, 1998]. This suggests that serpentinization delivers large quantities of
H,0 and fluid-mobile elements into the mantle. In particular, serpentinization produces molecular hydrogen
(H,) and methane (CH,) that can support communities of microorganisms [e.g., Kelley et al., 2001; Schrenk et al.,
2004, 2013], which may be significant for the genesis of life in the early history of the Earth.
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Despite extensive experimental investigation during the last 40 years [e.g., Martin and Fyfe, 1970; Wegner and
Ernst, 1983; Berndt et al., 1996; Jones et al., 2010; Malvoisin et al., 2012ab; Lafay et al., 2012, 2014; McCollom
et al, 2016], the mechanisms that control serpentinization processes, e.g., the kinetics of serpentinization,
remain poorly understood. Serpentinization kinetics can greatly influence H, production [Marcaillou et al.,
2011; McCollom et al., 2016], and they are essential parameters to quantify the proportions of serpentine
and H,0 in subduction zones [e.g., Allen and Seyfried, 2004, Emmanuel and Berkowitz, 2006; lyer et al.,
2012]. Previous experiments on serpentinization kinetics have been performed mostly with olivine as the
starting material [Martin and Fyfe, 1970; Wegner and Ernst, 1983; McCollom and Bach, 2009; Malvoisin et al.,
2012ab; Lafay et al., 2012, 2014; McCollom et al., 2016]. The kinetics of olivine serpentinization strongly
depend on temperature and compositions of starting fluids [Martin and Fyfe, 1970; Wegner and Ernst, 1983;
McCollom and Bach, 2009; Malvoisin et al., 2012ab; Lafay et al., 2012, 2014; McCollom et al., 2016]. The reaction
rates increase with increasing temperatures up to ~300°C, and they decrease significantly at temperatures of
>350°C when olivine can exist in equilibrium with H,O [Martin and Fyfe, 1970; Wegner and Ernst, 1983;
McCollom and Bach, 2009; Malvoisin et al., 2012b]. Serpentinization proceeds at the highest speed in alkaline
fluids, as compared to CO,-rich and acidic fluids [Lafay et al., 2012, 2014].

Few experimental studies have addressed the kinetics of peridotite serpentinization directly [Seyfried et al.,
2007; Marcaillou et al., 2011]. Although olivine is one of the most abundant minerals in peridotite, it may
not necessarily act as a peridotite equivalent during serpentinization. Compared to peridotite, olivine serpen-
tinization at ~300°C produces much less quantities of H, and CH,4 [Huang et al., 2015]. In contrast, olivine
serpentinization may form larger amounts of iron oxide than those produced after peridotite serpentinization
at the early stage of reactions, as pyroxene accommodates some iron from olivine during serpentinization
[Huang et al., 2017]. These observations suggest that the process of olivine serpentinization may differ greatly
from the process of peridotite serpentinization. Although it has been proposed that olivine and peridotite
have similar serpentinization rates [Malvoisin et al., 2012b], the rates of olivine and peridotite serpentinization
among previous studies were investigated under different experimental conditions, including compositions
of starting fluids and calibration methods for quantifying serpentinization kinetics [Seyfried et al., 2007;
Marcaillou et al., 2011; Malvoisin et al., 2012b]. This suggests that the comparison between the kinetics of
olivine and peridotite serpentinization in previous studies may not be valid. The influence of pyroxene and
spinel on serpentinization kinetics, however, has not been quantified, which may be significant in under-
standing the mechanisms of serpentinization processes.

In this study, we performed experiments at 311°C and 3.0 kbar using natural peridotite and olivine. The
objectives are to (1) study the kinetics of olivine and peridotite serpentinization, (2) quantify the influence
of pyroxene and spinel on serpentinization kinetics, and (3) illustrate the mechanisms that control
serpentinization processes.

2. Materials and Methods
2.1. Preparation of Starting Materials

An unaltered peridotite composed of ~65 vol % olivine, 20 vol % orthopyroxene, 10-15 vol % clinopyroxene,
and ~2 vol % spinel was used as a starting material. The peridotite was sampled at Panshishan (Jiangsu pro-
vince, China) where it occurs as xenoliths in alkaline basalts [Chen et al., 1994; Sun et al., 1998; Xu et al., 2008].
The loss on ignition of the peridotite is very low, <0.5 wt % [Yang, 2008], which suggests that the sample is
fresh. Compositions of primary minerals in this peridotite were determined by electron microprobe (Table S1
in the supporting information). More than 15 analyses were performed for each mineral, with relative error of
<3%, suggesting that primary minerals are homogenous. The sample was crushed, ground in an agate mor-
tar, and then sieved into starting grain sizes of <30, 86-105, 100-177, and 250 um. These powders were then
washed in an ultrasonic bath with pure water to remove very fine particles.

Olivine grains were picked from crushed peridotite (>250 um) under a binocular microscope; those with
inclusions of other minerals were excluded. The grains were washed in an ultrasonic bath with pure water
to remove very fine particles. After drying at 60°C, olivine grains were ground in an agate mortar and sieved
into starting grain sizes of <30 and 100-177 um. Spinel grains were picked from the crushed peridotite
(>250 pm) following the same procedure, and mechanical mixtures of olivine and spinel were prepared in
order to study the influence of the presence of spinel on olivine serpentinization. In addition, mixtures of
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Table 1. Experimental Conditions and Results®

Sample Solid Reactants Grain Sizes (um)  W/R Ratiosb Time (Days) Serpentine (Wt%)S  Residual Olivine (Wt%) Residual Pyroxene (wt%)
HR106 olivine <30 0.9 10 62(0.5) 38(0.5) —
HR87 olivine <30 0.71 14 67(3.4) 33(3.4) —
HR76 olivine <30 1.04 27 76(1.7) 25(1.7) —
Fe37 olivine 100-177 1.1 27 5.3(1.0) 92(0.7) —
HR105 peridotite <30 1 10 92(2.4) 6.2(0.99) 0.0(0.99)
HR91 peridotite <30 0.89 14 95(4.0) 4.8(2.1) 0.0(2.1)
HR86 peridotite <30 0.86 27 99(1.7) 1.3(2.2) 0.0(2.2)
HR77 peridotite 100-177 1.2 28 24(1.7) 34(0.72) 36(0.72)
HR61 peridotite 100-177 0.82 123 59(3.3) 20(1.4) 16(1.4)
HR25 peridotite 86-105 14 19 31(1.6) 31(0.68) 32(0.68)
HR31 peridotite 250 1.1 20 16(3.6) 51(1.6) 28(1.6)
HR93 olivine + spinel (1.9 mq) <30 0.93 27 99(0.9) 1.0(0.9) —
HR75 olivine + spinel (6.6 mg) <30 0.92 27 100(0.5) 0.0 —
HR92 olivine + Al,03 (6.4 mg) <30 0.82 27 90(0.7) 9.6(0.7) =
HR95 olivine + Cr,03 (6.3 mg) <30 0.91 27 77(3.2) 23(3.2) —
HR99 olivine + Cr,03 (13.2 mg) <30 0.9 27 84(2.8) 16(2.8) —
HR88 spinel-free peridotite <30 0.91 27 100 0.0 0.0

#The mass of olivine and peridotite loaded into gold capsules is ~50 mg for all experiments listed.
Water/rock ratios: Ratios between mass of the starting fluid and solid reactants at start of experiments.
“Numbers in brackets are the standard deviation of at least 3 times analyses (£10).

olivine and pyroxene were prepared by removing spinel from crushed peridotite powders (<60 mesh) in
order to study the influence of pyroxene on serpentinization reactions. The mixtures were washed in an
ultrasonic bath with pure water to remove very fine particles. After drying at 60°C, these mixtures were
ground in an agate mortar and then sieved into starting grain sizes of <30 um. A saline solution (0.5 mol/L
NaCl) was prepared with analytical-grade sodium chloride and deionized water.

2.2. Preparation of Gold Capsules

The solid reactants (~50 mg) and saline solution (~50 mg) were loaded into gold capsules (~30 mm long with
a 4.0 mm outer diameter and a 0.2 mm wall thickness). Gold has been commonly used in serpentinization
experiments because it is chemically inert and does not form any Fe-Au alloys under the investigated condi-
tions [e.g., Moody, 1976; Berndt et al., 1996; Malvoisin et al., 2012b]. Gold capsules were sealed at both ends
with a tungsten inert gas high-frequency pulse welder (PUK3) or an arc welder. Leaks were checked by
placing the sealed capsules in a drying furnace at 100°C for at least 2 h. Only those capsules with mass differ-
ences less than 0.5% were used in the experiments.

2.3. Serpentinization Experiments

All experiments were conducted in cold-seal hydrothermal vessels at Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences (Table 1). The capsule was placed into the end of the hydrothermal vessels,
followed by a filler rod (~6 cm long). Water was used as the pressure medium. Pressure was achieved by
pumping water into the hydrothermal vessels and measured by a pressure gauge with a precision of
+100 bar. Temperature was monitored with an external K-type thermocouple that was inserted into a hole
near the end of the vessel. The accuracy of temperature recording was within £2°C. Quenching was facilitated
with immersion in water, and temperatures decreased to <100°C within 10 s.

2.4. Scanning Electron Microscope

The surface morphology of solid products was characterized by a Zeiss Ultra 55 field emission scanning elec-
tron microscope at the Second Institute of Oceanography, State Oceanic Administration of China. Samples
were dispersed onto a double-sided carbon tape and coated with a thin film of platinum for observation.

2.5. Fourier Transform Infrared Spectroscopy

The mineralogy of solid products was identified by Fourier transform infrared (FTIR) spectroscopy with a
Bruker Vector 33 FTIR spectrometer at the Analytical and Testing Center of South China University of
Technology. Infrared spectra were obtained at wave numbers ranging from 400 to 4000 cm™' at a
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Figure 1. Backscattered electron images of the reaction products in experiments on peridotite and olivine. (a) HR77: olivine
was replaced by serpentine, forming dissolution patterns and olivine subgrains. (b) Fe37: mesh-textured olivine was
produced resulting from dissolution and cracking. (c) HR25: olivine subgrains still remained when olivine was extensively
serpentinized. (d) HR25: dissolution features formed when orthopyroxene was replaced by serpentine minerals.

resolution of 4 cm ™', and 32 scans were accumulated for each spectrum. The KBr pellets were prepared by
mixing approximately 1 mg of sample powder with 200 mg of KBr.

2.6. Electron Microprobe

Compositions of residual olivine, pyroxene, and serpentine minerals were determined using a JEOL 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 diameter of 15 um was used for serpentine minerals to avoid devolatilization, whereas a beam
diameter of 5 pm was used for olivine and pyroxene minerals. The calibration standards used were jadeite (Si
and Na), olivine (Mg), almandine garnet (Fe and Al), diopside (Ca), sanidine (K), chromium oxide (Cr), rutile (Ti),
nickel silicide (Ni), rhodonite (Mn), and tugtupite (Cl). The counting times for Ni, Co, Mn, Cr, and Cl were 30 s
for peak and 10 s for background, whereas other elements were analyzed with 10 s for peak and 5 s
for background.

3. Results and Discussion

3.1. Characterization of Experimental Products

Backscattered electron images of solid experimental products show that olivine and pyroxene were replaced
by serpentine minerals, with or without the presence of iron oxide, leading to the formation of dissolution
patterns and olivine subgrains (Figure 1). Serpentinized olivine typically has a mesh texture (Figure 1b) that
has been reported in natural samples [e.g., Bach et al., 2006; Beard et al., 2009]. The formation of serpentine
was attested by its typical infrared bands at 954 cm™', 1087 cm™', and 3686 cm™' [e.g., Fuchs et al., 1998;
Lafay et al., 2014]. The bands at 954 cm ™' and 1087 cm™ "' correspond to 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]. Analyses
of solid experimental products by electron microprobe also suggest that serpentine minerals are the main
secondary hydrous minerals formed (Table S2). As suggested by scanning electron microscope imaging,
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Figure 2. Identification of the experimental products using scanning electron microscopy imaging and Fourier transform
infrared spectroscopy analyses. (a) HR61, peridotite with starting grain sizes of 100-177 pm. (b) HR76, olivine with starting
grain sizes of <30 um. Chrysotile (Ctl) fibers were produced. (c) FTIR spectra of the starting olivine and experimental products.
Olivine has typical infrared modes at 504 cm71, 835 cmq, and 896 cm ™" [e.g., Jeanloz, 1980], and chrysotile is characterized
by infrared bands at 610 cm71, 960 cm71, and 3689 cm ™! [e.g., Fuchs et al., 1998; Lafay et al., 2014]. Prt: Peridotite, Ol: olivine.

serpentine polymorphs are mainly composed of fibrous chrysotile (Figure 2). The diameter of chrysotile
greatly depends on the starting grain sizes of olivine and peridotite (Figure 2). It increases from ~100 nm
for starting grain sizes of <30 um to ~300 nm for starting grain sizes of 100-177 pum.

Brucite was absent in all experimental products of this study. The formation of brucite can be strongly
influenced by temperature, silica activity, and experimental duration [Seyfried et al., 2007; McCollom and
Bach, 2009; Marcaillou et al., 2011]. Thermodynamic models suggest that the production of brucite decreases
greatly at higher temperatures, and brucite is absent at ~350°C [McCollom and Bach, 2009]. Moreover, brucite
is not stable at higher silica activity [Bach et al., 2006; Beard et al., 2009; Marcaillou et al., 2011]. This may
explain the absence of brucite in the experimental products after peridotite serpentinization, because peri-
dotite has approximately one order of magnitude higher silica activity than olivine [Allen and Seyfried,
2003]. Besides temperature and silica activity, the production of brucite seems to depend on experimental
duration [Okamoto et al., 2011; McCollom et al., 2016]. Hydrothermal experiments conducted at 300°C and
0.5 kbar on olivine serpentinization show that brucite was not formed after a short run duration (~75 days),
whereas it was produced after a longer reaction period [McCollom et al., 2016].

3.2. Determination of Serpentinization Rates

The serpentinization kinetics in the experiments of this study were quantified by FTIR. Infrared spectroscopy
is very sensitive to the presence of serpentine, at levels as low as ~0.1 wt % [e.g., Foresti et al., 2003]. This
technique has already been used to determine the percentage of serpentine in soils and in the experimen-
tal products after serpentinization of olivine [e.g., Foresti et al., 2003; Lafay et al.,, 2012, 2014]. In order to
quantify the proportions of serpentine, the only hydrous mineral produced in experimental products of this
study, we established two standard curves according to infrared spectra of mechanical mixtures of serpen-
tine and olivine or peridotite. A standard curve based on mixtures of serpentine and peridotite was used to
calibrate the proportions of serpentine in experiments with peridotite (Figure 3a), and a standard curve
based on mixtures of serpentine and olivine was used to quantify the proportions of serpentine in
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Figure 3. Standard curves used to calibrate the proportions of serpentine (Figure 4). After 27 days of reaction, the

in the experiments of this study on (a) peridotite and (b) olivine. reaction extent was 99% for peridotite

with starting grain sizes of <30 pm,
and the reaction extent was 28% for peridotite with starting grain sizes of 100-177 pum (Table 1).
Compared to peridotite, olivine had much slower rates of serpentinization (Figure 4). The reaction extent
was 5.3% for olivine with starting grain sizes of 100-177 pum after 27 days, approximately five times lower
than the reaction extent reached in experiments on peridotite over the same period (Figure 4 and Table 1).
The contrast therefore appears to result from the presence of spinel and pyroxene in peridotite.

3.3. Influence of Pyroxene and Spinel on Serpentinization Kinetics

Hydrothermal experiments were performed at 311°C and 3.0 kbar with mechanical mixtures of olivine and
spinel or pyroxene as starting materials in order to study the influence of pyroxene and spinel on serpentini-
zation kinetics (Table 1). As shown in Figure 5, the presence of pyroxene and spinel greatly accelerated the
rates of olivine serpentinization. After 27 days of reaction, 76% of reaction extent was reached in olivine-only
experiments, and this increased greatly to 98% with the presence of 3% spinel. Complete serpentinization
was reached after 27 days in the presence of pyroxene (Figure 5 and Table 1). These observations suggest
that pyroxene and spinel promote the olivine serpentinization reactions.

Previous hydrothermal experiments show that orthopyroxene and clinopyroxene are more resistant to
serpentinization than olivine at ~300°C [Marcaillou et al., 2011]. For abyssal peridotite with a reaction extent
of 60%-90%, olivine is completely replaced by serpentine, whereas clinopyroxene and spinel remain fresh
[e.g., Seyler et al., 2003]. Therefore, it would be expected that peridotite should have slightly slower serpenti-
nization rates compared to olivine if a chemical interaction does not exist between olivine and pyroxene or
spinel during serpentinization. However, the experimental results of this study show that peridotite is serpen-
tinized at a much higher rate than olivine alone (Figure 4), indicating a chemical interaction between olivine
and pyroxene or spinel occurred during serpentinization.
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Figure 4. Serpentinization degree (%) as a function of time (days) for experiments on peridotite (filled diamond) and oli-
vine (filled circle), showing that peridotite has much faster rates of serpentinization than olivine. Data were fitted using a
kinetic pseudo second-order model.

Chemical compositions of serpentine minerals indicate release of Al and Cr from pyroxene during serpenti-
nization (Figure 6). For experiments of this study on peridotite with starting grain sizes of 100-177 pm,
orthopyroxene-derived serpentine formed after 20 days had 3.4 + 0.6 wt % Al,O3;, which decreased
significantly to 1.7 = 0.2 wt % after 120 days (Figure 6), much lower than the Al,O5 content of the primary
orthopyroxene (4.1 £ 0.2 wt %). This suggests that orthopyroxene released ~20% of its Al at a reaction
extent of 31% and 60% Al at a reaction extent of 59%. In contrast, olivine-derived serpentine had a higher

—@—OlI + Spl

—@—0I + Al203

—@—0I + Cr203
—m@—Olivine + pyroxene

100 -m

o\:
= 90t
o)
£
=
= i
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=
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w
80

0 4 8 12
The amount of spinel, Al203 or Cr203 (mg)

Figure 5. Influence of pyroxene, spinel, Al,O3, and Cr,0O3 on serpentinization kinetics. All the data listed correspond to

experiments with run duration of 27 days. The presence of pyroxene, spinel, Al;03, and Cr,03 significantly promote oli-
vine serpentinization.
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indicate a gain of aluminum and chromium during serpentinization, and
the data below the 1:1 line suggest a loss of aluminum and chromium.
Ol: olivine; Opx: orthopyroxene; Cpx: clinopyroxene.

Figure 7. Representative backscattered electron imaging of spinel in the
experimental products of this study. Spinel (spl) was hydrothermally
altered resulting in the formation of dissolution grains at the edge.

Al,O3 content than that of primary oli-
vine (0.01 = 0.01 wt % Al,O3). For
experiments on peridotite with starting
grain sizes of 100-177 um, olivine-
derived serpentine had 1.9 + 1.3 wt %
Al,O5 after 20 days, and this became
more homogenous after 120 days,
1.3 £0.1 wt % (Figure 6), suggesting that
olivine accommodated Al released from
orthopyroxene during serpentinization.
Consistently, analyses of natural serpen-
tinites show that orthopyroxene lost
~50% of its Al to olivine during serpenti-
nization [e.g., Dungan, 1979; Golightly
and Arancibia, 1979; Hébert et al., 1990].
On the other hand, orthopyroxene-
derived serpentine had Cr,03 contents
ranging from ~0.1 wt % to ~0.6 wt %,
which are lower or higher than the
Cr,03 contents of the primary orthopyr-
oxene (0.40 + 0.03 wt %, Figure 6b). In
contrast, clinopyroxene-derived serpen-
tine contained Cr,Os; contents much
lower than those of the clinopyroxene
hosts. Therefore, pyroxene minerals,
and especially clinopyroxene, lost some
Cr during serpentinization, which is con-
sistent with observations of natural
samples [e.g., Hébert et al., 1990].

Spinel in natural serpentinites is com-
monly associated with coatings and
rinds of magnetite derived from serpen-
tinization of olivine [e.g., Beeson and
Jackson, 1969; Hamlyn, 1975; Burkhard,
1993; Mellini et al., 2005]. Typical fea-
tures of spinel in the experimental pro-
ducts of this study were observed by
backscattered electron imaging, and
spinel was hydrothermally altered form-
ing dissolution grains (Figure 7). These
grains are much brighter than primary
spinel (Figure 7). Chemical compositions
of the dissolution grains were analyzed
with electron microprobe, and it shows
that they have a significantly lower
Al,O3 content (~30 wt %) but a slightly
lower Cr,0O5 content (~12 wt %) com-
pared to primary spinel (56 wt % Al,O3
and 12.8 wt % Cr,03). This suggests that
Al and Cr were released from spinel
during serpentinization.

In order to quantitively study the influ-
ence of Al and Cr on serpentinization
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60 kinetics, we performed experiments at
311°C and 3.0 kbar with mechanical
H mixtures of olivine and Al,O3 or Cr,03
Y=(20.74%1.72)"X + (49.57+2.20) powders as starting materials (Table 1).
40 - R’=0.98 As shown in Figure 5, Al and Cr acceler-
u ated the kinetics of olivine serpentiniza-
tion. After 27 days of reaction, the
reaction extent was 90% with the pre-
sence of 11 wt % Al,03, much higher
L than the reaction extent reached in the
olivine-only experiments (76%, Table 1).
C . L . 1 . L . Despite this increase, serpentinization
-2.4 -1.6 -0.8 0.0 kinetics are slower compared to those
Log(A503/Ases9) in experiments with the presence of
pyroxene and spinel (Figure 5). This
@ Olivine suggests that the faster rates of
® Pyroxene /' peridotite serpentinization arise from
e the joint influence of Al and Cr. On the

80 - i .
g other hand, pyroxene minerals have
@ ,’/ more abundant SiO, than olivine.
/ Hydrothermal experiments show that
40 J y pyroxene serpentinization releases

20

Olivine (wt%)

, SiO, around one order of magnitude
) , higher compared to the SiO, leached
' ‘ 7 during olivine serpentinization [Allen
’ -® b and Seyfried, 2003]. When the experi-
0 "'“,'"'.‘ . ! . ! . A . ! mental duration was increased from
0 20 40 60 80 100 20 to 120 days, the SiO, content of
Reaction extent (wt%) orthopyroxene-derived serpentine
decreased greatly, whereas the SiO,
Figure 8. (a) A standard curve used to quantify the proportions of residual  5ntent of olivine-derived serpentine
olivine in the experimental products of this study. (b) The proportion of
serpentinized olivine or pyroxene (wt %) as a function of the extent of X o
reaction, showing that serpentine minerals are predominantly derived ing the release of silica from orthopyr-
from olivine serpentinization at the early stage of serpentinization oxene during serpentinization. The
(reaction extents of <50%).The proportion of serpentinized olivine is the  influence of silica on serpentinization
mass ratio between olivine that experienced serpentinization and
primary olivine.

Reacted olivine or pyroxene (wt%)

increased [Huang et al., 20171, indicat-

kinetics, however, may be negligible,
supported by comparable reaction
extents achieved in experiments with mechanical mixtures of olivine and pyroxene or spinel. Otherwise,
the kinetics of serpentinization in experiments with the presence of pyroxene should be much faster than
that with the addition of spinel.

To illustrate the release of Al and Cr from pyroxene and spinel during peridotite serpentinization, we quanti-
fied the proportion of serpentinized olivine in the experiments of this study, i.e., the mass ratio between oli-
vine that was replaced by serpentine and primary olivine. The amount of residual olivine in the experimental
products was calibrated according to a standard curve based on infrared spectra of mechanical mixtures of
peridotite and serpentine (Figure 8a). It shows that the amount of olivine in the mixtures is positively corre-
lated with the integrated intensity ratios l0g(Asqs/Aseso) (R* = 0.98, Figure 8a). The amount of residual pyrox-
ene in the experimental products was obtained based on mass balance. Consequently, the proportion of
serpentinized pyroxene, i.e., the mass ratio between pyroxene that was replaced by serpentine and primary
pyroxene, was determined. The percentage of serpentinized olivine or pyroxene is shown in Figure 8b versus
reaction progress. It shows that serpentine minerals were predominantly derived from olivine serpentiniza-
tion at a reaction extent of <~50%, and they were formed from serpentinization of olivine and pyroxene
as the reaction proceeds (Figure 8b). Consistently, observations of natural samples show that olivine hydra-
tion is the main serpentine-forming process at the early stage of peridotite serpentinization [Bach et al., 2006;
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Seyfried et al., 2007; Beard et al., 2009; Marcaillou et al., 2011]. It implies that pyroxene released most of the Al
at a reaction extent of >50%.

The mechanism whereby Al promotes olivine serpentinization is possibly due to the formation of Al-Si
complexes. Hydrothermal experiments have shown that the solubility of Al in pure water is very low,
whereas it becomes five times higher in the presence of silicate minerals, such as kyanite and quartz, aris-
ing from complexing between Al and Si [Salvi et al., 1998; Manning, 2007]. These studies also observed that
the formation of Al-Si complexes greatly increases the solubility of silicate minerals [Salvi et al., 1998;
Manning, 2007]. Therefore, Al released by pyroxene and spinel in the experiments of this study may be
complexed with the Si leached by dissolving olivine and pyroxene, which may increase the rates of olivine
dissolution. For the experiments of this study, typical dissolution features formed not only at the early stage
of serpentinization (Figure 1b), but they also occurred when primary olivine was mostly replaced by ser-
pentine (Figure 1c). Dissolution features were also observed in previous experimental products [Malvoisin
et al,, 2012b; Lafay et al,, 2012, 2014] and in natural samples [e.g., Liu et al., 2010]. This suggests that ser-
pentinization processes are commonly associated with dissolution features that have been proposed to
be the rate-limiting process during serpentinization [Lafay et al., 2012, 2014; Malvoisin et al., 2012b]. This
further suggests that the influence of Al on serpentinization kinetics is attributed to an increase in the rates
of olivine dissolution.

Chromium accelerates the rates of olivine serpentinization, possibly because of the release of water-soluble
Cr®* from spinel and Cr,0s. Hexavalent chromium oxidizes Fe** derived from olivine and pyroxene into Fe3*
(reaction (1)), which may result in the formation of secondary Fe3*-bearing minerals, e.g, magnetite
and serpentine.

Cr% + 3Fe?t —3Fet + Cr’t )

Analyses of natural samples and experimental products show that serpentine minerals can incorporate up to
90% Fe* [Seyfried et al., 2007; Marcaillou et al,, 2011; Evans et al., 2013]. The production of Fe*" also arises
from olivine serpentinization, which accompanies the formation of H, (reaction (2)):

2Fe?* 4 2H,0 = 2Fe3* + H, + 20H™ )]

As a consequence, serpentinization may take place at a very low oxygen fugacity, i.e., the oxidation-reduction
paradox of serpentinization [Evans et al., 2013]. Olivine serpentinization at 300°C and 0.5 kbar produced
158 mmol/kg H, after 69 days, with an oxygen fugacity ~6 log units below Faylite-magnetite-quartz (FMQ)
buffer [Berndt et al., 1996]. For experiments of this study on peridotite with starting grain sizes of <30 pum,
167 mmol/kg H, was produced after 14 days [Huang et al., 2015]. This agreement in H, release suggests that
the oxygen fugacity of this study is very low. As a consequence, Cr®" released from spinel may be reduced
directly to Cr** via its reaction with H,, as evidenced by the formation of fine Cr,O5 grains in the experimental
products. The involvement of Cr®* in serpentinization has also been supported by previous experimental
results and analyses of natural samples [Ulmer, 1974; Farkas et al., 2013]. Aqueous fluids equilibrated with spi-
nel at 25°C have ~5-10 ppm Cr®* [e.g., Ulmer, 1974]. This may lead to the formation of Cr-depleted ferrichro-
mite and magnetite rinds as observed in natural serpentinites [e.g., UImer, 1974; Burkhard, 1993; Mellini et al.,
2005]. Moreover, naturally serpentinized peridotite has much heavier chromium isotope compositions
(5°3Cr/°*Cr) compared to primary peridotite [Farkas et al., 2013]. In particular, 8°>Cr/>2Cr of serpentinized peri-
dotite increases with progressive serpentinization, indicating the involvement of Cr®* during serpentinization
because Cr®* has heavier §°3Cr/>?Cr than Cr>* [Farkas et al., 2013]. Hexavalent Cr can oxidize Fe*" derived
from olivine and pyroxene into Fe** (reaction (1)), which may induce the reaction of olivine dissolution to
the right side (reaction (3)), possibly resulting in an increase in the rates of olivine serpentinization.

(Mg o, Feg.1)Si04 = 0.9Mg>" + 0.1Fe®™ + Si0,2~ 3)

3.4. The Kinetic Pseudo Second-Order Model

A kinetic pseudo second-order model was used to fit the experimental data of this study. This model has
been commonly used to describe the sorption of pollutants from aqueous solutions, the crystal growth of
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Table 2. Kinetic Parameters Obtained From the Pseudo Second-Order Model

£ 0

Solid Starting Grain Smax(%)

Reactant Size (um) Exp. Calc. t1/2 (Days) Initial Rate(1/s) Fitting %
Olivine <30 76 100 71+19 1.61E—06 + 2.74E—07 0.992
Olivine 100-177 5.3 100 431 + 374 2.69E—08 + 2.33E—08 0.990
Peridotite <30 929 100 0.8+ 04 1.96E—05 + 2.05E—05 0.999
Peridotite 100-177 59 100 875+27 1.32E—07 + 411E—09 0.999
Peridotite 250 15 100 109 + 0.3 1.06E—07 + 2.91E—09 0.999

calcite, and serpentinization processes [e.g., Ho and McKay, 1999; Montes-Hernandez et al., 2009; Lafay et al.,
2012, 2014]. The differential form of the kinetic model is

d¢
a:k(émaxfé)z (4)
where k is the rate constant, &max is the maximum alteration extent at apparent equilibrium (%), and & is the
alteration extent (%) at time t (day). The integral form of equation (4) together with the boundary condition
t=0and ¢ = 0 produces a correlation between the alteration extent (£) and time (t):

— fmax*t

t1/2+t
A new parameter is defined (t;,, = 1/(k *¢max), which represents the time after which half of the maximum
alteration extent was achieved. The serpentinization initial rate is described as vg = Emax/t1/2-

¢ (5)

The initial rate of serpentinization greatly depends on the starting grain sizes of olivine and peridotite, with
smaller grain sizes resulting in faster rates (Table 2). The serpentinization initial rate was 1.6 x 1076 s~ for
olivine with starting grain sizes of <30 um, whereas it significantly decreased to 2.7 x 1078 s~ for larger grain
sizes (100-177 um). Compared to olivine, peridotite has a much faster initial rate of serpentinization. The
serpentinization initial rate for peridotite with starting grain sizes of <30 pum was 2.0 X 107> s™, around
one order of magnitude faster than the serpentinization initial rate of olivine with the same grain size.

3.5. Comparison to Previous Results

Previous experiments on serpentinization kinetics were performed primarily on olivine [Martin and Fyfe,
1970; Wegner and Ernst, 1983; Malvoisin et al., 2012b; Lafay et al.,, 2012, 2014; McCollom et al., 2016]. The
rates that have been reported to date are largely scattered (Figure 9). Serpentinization experiments of
Martin and Fyfe [1970] and Wegner and Ernst [1983] were carried out with synthetic forsterite as the starting
material. The serpentinization rates in these studies are relatively rapid. As reported by Wegner and Ernst
[1983], 40% of reaction extent was achieved within 26 days for forsterite with starting grain sizes of
105-149 pum at 300°C and 3.0 kbar. In contrast, serpentinization kinetics for natural olivine with similar grain
sizes are around one to two orders of magnitude slower [Malvoisin et al., 2012b; McCollom et al., 2016]. For
natural olivine with starting grain sizes of 100-150 um, <1% of reaction extent was reached within 141 days
[Malvoisin et al., 2012b]. Our experimental results are consistent with this finding, with 5.3% of reaction
extent being reached after 27 days for natural olivine with starting grain sizes of 100-177 pm (Figure 9
and Table 1).

A few experimental studies have examined the rates of peridotite serpentinization [Seyfried et al., 2007;
Marcaillou et al., 2011]. Although it has been proposed that olivine and peridotite have similar serpentiniza-
tion kinetics [Marcaillou et al., 2011; Malvoisin et al., 2012b], the rates of olivine and peridotite serpentiniza-
tion among previous studies were investigated under different experimental conditions, including
compositions of starting fluids, and calibration methods for quantifying serpentinization kinetics [Seyfried
et al.,, 2007; Marcaillou et al., 2011; Malvoisin et al., 2012b]. Most experiments of Malvoisin et al. [2012b] were
conducted at 300°C and 0.5 kbar with pure water, and reaction progress was determined mainly according
to magnetic susceptibility of experimental products, which has a linear positive correlation with the
proportions of serpentine [Malvoisin et al., 2012al. The serpentinization rates reported by Malvoisin et al.
[2012b], however, are largely scattered, e.g., for olivine with grain sizes of 5-15 um, the reaction extent
ranges from 30% to 89% after the same experimental duration (~75 days, Figure 9) [Malvoisin et al., 2012b].
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Figure 9. (a) Comparison of serpentinization kinetics from this study with data from previous experiments taking neutral
starting fluids. Synthetic forsterite with grain sizes of 58-79 um is from Martin and Fyfe [1970] (M&F), and synthetic
forsterite with grain sizes of 105-149 um is from experiments of Wegner and Ernst [1983] (W&E) at 270°C and 3.0 kbar.
Natural peridotite with grain sizes of <1 pum is from Marcaillou et al. [2011] (Mar). Natural olivine with grain sizes of
100-150 pm is from Malvoisin et al. [2012b] (Mal). Gray area refers to the kinetic data from Malvoisin et al. [2012b] on olivine
with grain sizes of 5-15 um. (b) Influence of fluid compositions on the rates of olivine serpentinization. Lafay et al. [2012]
(Lafay [2012]) refers to experiments with alkaline starting fluids, and Lafay et al. [2014] (Lafay [2014]) represents
experiments with acidic or CO,-saturated starting fluids. Experiments of Andreani et al. [2013] (Andr [2013]) were conducted
at 300°C and 2.0 kbar in Al-supersaturated or Al-free starting fluids.

Magnetic susceptibility greatly depends on the crystal shape and grain size distribution of magnetite [e.g.,
Fukuma and Dunlop, 2006; Smirnov, 2009; Ge and Liu, 2014]. As suggested by an experimental simulation,
magnetic susceptibility decreases by around one order of magnitude when grain sizes of magnetite
increase from ~0.1 to 10 pum [Smirnov, 2009]. Magnetite that formed at very early stages of
serpentinization can be dissolved and reprecipitated [Malvoisin et al, 2012a; Huang et al, 2017],
producing magnetite with highly variable grain sizes. Magnetite produced in the experiments of Malvoisin
et al. [2012b] has grain sizes ranging from <1 to 20 pm, possibly resulting in great uncertainties of
serpentinization kinetics based on magnetic susceptibility.

The experiments of Seyfried et al. [2007] were performed with artificial seawater that contained abundant
sulfate and bicarbonate salts, resulting in starting fluids relatively rich in CO,. As indicated by hydrothermal
experiments, H, and CH, production during serpentinization of olivine decrease with increasing CO, in the
starting fluids [Jones et al., 2010], which may influence the rates of olivine serpentinization. Moreover, the
serpentinization kinetics in Seyfried et al. [2007] were quantified by numerical models, which may strongly
depend on the parameters used. In particular, different serpentine polymorphs were produced in previous
experimental studies [Seyfried et al., 2007; Marcaillou et al., 2011; Malvoisin et al., 2012b], which may influence
the rates of serpentinization. Lizardite is the major secondary hydrous mineral in the experiments of
Marcaillou et al. [2011], whereas chrysotile is produced in Seyfried et al. [2007] and also in Malvoisin et al.
[2012b] for olivine with starting grain sizes of <5 um. As indicated by hydrothermal experiments, chrysotile
formation requires a higher degree of solution supersaturation than lizardite production [Normand et al.,
2002], possibly leading to different inferred rates of olivine serpentinization.

In contrast, the experiments of this study were conducted under similar conditions. Chrysotile was produced
after serpentinization of olivine and peridotite, and the reaction extent was quantified by infrared spectro-
scopy. In particular, different standard curves were established for experiments on olivine and peridotite in
order to eliminate the matrix effect. The experimental results of this study clearly show that peridotite has
much faster rates of serpentinization than olivine alone, resulting from the presence of pyroxene and spinel.
This suggests that serpentinization kinetics can be strongly influenced by Al and Cr contents of fluids.

The influence of Al contents of starting fluids on serpentinization kinetics has also been investigated by
Andreani et al. [2013]. They showed that Al increases the rates of olivine serpentinization by around one
order of magnitude, and complete reactions for olivine chips (~100 um wide) were achieved within
two days (Figure 9b). The serpentinization kinetics of this study are slower than those reported by
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Andreani et al. [2013], e.g., with the addition of 11% powdered Al,Os;, complete serpentinization was not
achieved for olivine with starting grain sizes of <30 um after 27 days. The contrast may arise from higher
supply of Al in Andreani et al. [2013], which can lead to faster serpentinization kinetics. Besides aluminum,
serpentinization kinetics greatly depend on the pH of starting fluids [Lafay et al, 2012, 2014]. The
serpentinization of olivine proceeds at the fastest speed in experiments with alkaline fluids, which is
followed progressively by neutral and acidic fluids [Lafay et al, 2012, 2014; Malvoisin et al., 2012b]. For
the experiments of this study, pH of the starting saline fluid is ~6.5. Therefore, the serpentinization rates
in this study are slower than serpentinization kinetics in experiments with alkaline starting fluids [Lafay
et al,, 2012], and they are faster than the serpentinization kinetics in experiments with acidic starting fluids
[Lafay et al., 2014].

3.6. Geological Implications

In natural geological settings, serpentinization kinetics greatly depend on the supply of Al and Cr from its
neighboring Al, Cr-rich minerals. Aluminum is always present in serpentinites with Al,O3 contents ranging
from <1 wt % to >20 wt % [e.g., Dungan, 1979; Beard et al., 2009]. Olivine in natural geological settings is
typically closely associated with Al suppliers such as pyroxene, plagioclase, and amphibole. Aluminum is
mobile during serpentinization processes where pyroxene and spinel can release some of their Al, forming
Al-rich serpentine after olivine serpentinization (Figure 6). The mobility of Al in metamorphism and meta-
somatism is also indicated by occurrences of Al-rich minerals (such as kyanite) in veins [e.g., McLelland
et al., 2002; Sepabhi et al., 2004]. This suggests that Al can be actively involved in serpentinization processes.
Chromium occurs primarily in the form of chromium-rich spinel that is a common accessory mineral in
peridotite and serpentinite. Chromium may substitute for major elements (e.g, Al and Fe3*) in silicate
minerals such as pyroxene and amphibole. As reported by Klein-BenDavid et al. [2009], fluid inclusions in
diamonds contain up to 1 wt % Cr,0s. Experiments show that the solubility of Cr,O3 increases greatly with
increasing temperatures and pressures and that it can be significantly enhanced by salinity [Klein-BenDavid
et al,, 2011]. Therefore, chromium may be an important component of aqueous fluids in geological set-
tings associated with serpentinization. Consequently, the kinetics of olivine serpentinization can be
greatly enhanced.

Aluminum and chromium may therefore influence the formation of molecular hydrogen and methane
during serpentinization. The effect of Al on H, production in natural geological settings has been described
by Seyfried et al. [2011], and they showed that larger quantities of H, were detected in the presence of
Al-bearing minerals such as plagioclase. Consistently, hydrothermal experiments suggest that peridotite
serpentinization produces much larger quantities of H, and CH,; compared to olivine serpentinization
[Huang et al., 2015], likely because of the release of Al and Cr from pyroxene and spinel. Chromium can
effectively catalyze the production of hydrocarbons, e.g., methane, ethane, and propane [e.g., Foustoukos
and Seyfried, 2004]. This may be significant for the genesis of life in the early history of the Earth.
Serpentinite-hosted hydrothermal fields commonly contain abundant H, and CH,4 that can support commu-
nities of microorganisms [e.g., Kelley et al., 2001; Schrenk et al., 2004, 2013]. The microorganisms can endure
relatively high temperature (~100°C) and pressure. Biological studies have shown that the ultimate ancestor
of life is a hyperthermophile, i.e., an organism that lives at, or possibly above, temperature of 80-110°C [e.g.,
Sleep, 2010]. As suggested by geological evidence, life has been present on the Earth for at least 3.5 Gyr and
possibly occurred before 3.8 Gyr when ultramafic rocks may have been extensively exposed on the surface
of the Earth [e.g., Nisbet and Fowler, 1996; Zahnle et al., 2007; Sleep, 2010]. The interaction between ultramafic
rocks and H,0 in the early atmosphere may have initiated the prebiotic chemical conditions for the origin
of life.

4, Conclusions

The rates of olivine and peridotite serpentinization were investigated experimentally at 311°C and 3.0 kbar.
Compared to olivine, peridotite has much faster rates of serpentinization, e.g., the reaction extent for olivine
with starting grain sizes of 100-177 um was 5.3% after 27 days, whereas it increased by approximately five
times over the same period for peridotite with similar starting grain sizes. The contrasting results arise from
the presence of pyroxene and spinel releasing Al and Cr during serpentinization. The experiments of this
study strongly suggest that pyroxene and spinel are important Al suppliers, e.g., orthopyroxene lost ~60%
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of its Al to olivine at a reaction extent of 59%. Aluminum and Cr actively enhance olivine serpentinization,
which is supported by experiments with the addition of Al,03 and Cr,053 fine powders. Our experiments also
suggest that Al and Cr are mobile during serpentinization, which agrees well with previous experimental
results [e.g., Manning, 2007; Klein-BenDavid et al., 2009, 2011] and occurrences of Al-rich minerals (e.g.,
kyanite) in veins during metamorphism and metasomatism [McLelland et al., 2002; Sepahi et al., 2004].
Olivine in natural geological settings is commonly associated with Al, Cr suppliers such as pyroxene, spinel,
and amphibole that may release Al and Cr during serpentinization. Consequently, serpentinization reactions
may proceed at a much faster speed than previously proposed.
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