
Available online at www.sciencedirect.com
www.elsevier.com/locate/gca

ScienceDirect

Geochimica et Cosmochimica Acta 296 (2021) 1–17
Diverse serpentinization and associated abiotic
methanogenesis within multiple types of olivine-hosted

fluid inclusions in orogenic peridotite from northern Tibet

Long Zhang a,⇑, Qiang Wang a,b,c, Xing Ding a, Wan-Cai Li d,e

aState Key Laboratory of Isotope Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou 510640, China
bCAS Center for Excellence in Tibetan Plateau Earth Sciences, Beijing 100101, China

cCollege of Earth and Planetary Sciences, University of Chinese Academy of Sciences, Beijing 100049, China
dCAS Key Laboratory of Crust-Mantle Materials and Environments, School of Earth and Space Sciences, University of Science and

Technology of China, Hefei 230026, China
eCAS Center for Excellence in Comparative Planetology, University of Science and Technology of China, Hefei 230026, China

Received 20 August 2020; accepted in revised form 21 December 2020; available online 30 December 2020
Abstract

Hydrothermal fluids percolating through peridotite are highly enriched in abiotic CH4, which can fuel chemosynthetic
microbial activity and potentially early life. In contrast to the paradigm favoring coupled abiotic methanogenesis and fluid
circulation, recent studies have suggested that leaching of CH4 included in peridotite can account for elevated levels of
CH4 in serpentinization fluids. As such, CH4 venting at continental gas seepage hosted in orogenic peridotite should be
derived mostly from CH4 that originated within the host peridotite. However, the origin of CH4 included in orogenic peri-
dotite remains elusive, as the included CH4 is reported to form either in situ during serpentinization within fluid inclusions,
or to originate from reduced external fluids. Moreover, varying associations of step-daughter minerals documented in CH4-
bearing fluid inclusions in orogenic peridotite demonstrate the diversity of fluid–mineral interactions within fluid inclusions.
Here we present a detailed petrological investigation into olivine-hosted CH4-bearing fluid inclusions in ophiolitic harzburgite
from the North Qilian orogen in northern Tibet, which reveals the occurrence of abiotic CH4 synthesis during diverse serpen-
tinization within multiple types of olivine-hosted fluid inclusions. Three types of CH4-bearing fluid inclusions are newly iden-
tified in the harzburgite. Type I fluid inclusions contain CH4(g) + antigorite + brucite + magnetite + magnesite, which imply
abiotic CH4 synthesis during hydration of olivine directly into antigorite. This contradicts the previous proposal that suggests
the inhibition of H2 and CH4 production during high-temperature serpentinization in the stability field of antigorite. Type II
fluid inclusions consist of CH4(g) + N2(g) + lizardite + brucite ± magnetite or CH4(g) + N2(g) + lizardite + magnetite, with
brucite-bearing inclusions yielding less CH4 compared with brucite-free inclusions. The crystallization of brucite in type II
fluid inclusions was probably controlled by the concentration of dissolved Si in the trapped fluids. Type III fluid inclusions
are composed of CH4(g) + antigorite + magnesite + graphite ± magnetite ± dolomite. High concentrations of oxidized inor-
ganic carbon in type III fluid inclusions likely promoted the precipitation of carbonate and crystallization of antigorite. More-
over, the presence of relict lizardite in minor type III fluid inclusions suggests that antigorite growth accompanying carbonate
saturation is probably a two-step process, with initial hydration of olivine into lizardite being followed by transformation of
lizardite into antigorite. Above all, this study demonstrates that CH4-bearing fluid inclusions in orogenic peridotite can be
very abundant, and may be a significant reservoir of abiotic CH4 in serpentinite-hosted hydrothermal systems. Moreover,
the multiple types of CH4-bearing fluid inclusions in orogenic peridotite presented in this study indicate that olivine-hosted
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CH4-bearing fluid inclusions can potentially be a novel window for studying abiotic CH4 synthesis during serpentinization
under different conditions.
� 2020 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Deep-sea and on-land serpentinite-hosted hydrothermal
fluids are highly enriched in H2 and CH4, which have been a
focus of great interest for the scientific community owing to
their role in supporting chemosynthetic microbes and
potentially early life (McCollom and Seewald, 2013;
Schrenk et al., 2013; Ménez, 2020). It is well established
that large quantities of H2 are produced by reduction of
H2O during serpentinization via oxidation of ferrous Fe,
mainly in olivine and pyroxenes (Evans et al., 2013;
McCollom and Seewald, 2013; Klein et al., 2020). Theoret-
ical and experimental efforts have constrained the reaction
pathways of H2 production during serpentinization (Klein
et al., 2009, 2013; McCollom and Bach, 2009; McCollom
et al., 2016), although it remains to be further clarified
whether sufficient H2 can be produced at low temperatures
in the realm of microbial activity (Klein et al., 2020) or at
high temperatures in the stability field of antigorite
(Evans, 2010). Regarding CH4, the current paradigm favors
its abiotic formation by Fischer-Tropsch-type (FTT;
including the Fischer-Tropsch and Sabatier reactions,
etc.) synthesis from inorganic carbon (ƩCO2 = CO2(aq) + -
H

2
CO3 + HCO3

� + CO3
2�) and H2 (Etiope and Schoell,

2014; Etiope and Whiticar, 2019). However, mass balance
and isotopic constraints have revealed that abiotic CH4

synthesis is probably decoupled from active fluid circula-
tion in ultramafic rocks (McDermott et al., 2015; Wang
et al., 2018). Moreover, experimental simulations have
demonstrated that abiotic CH4 synthesis during serpen-
tinization is kinetically inhibited unless efficiently catalyzed
(McCollom, 2013, 2016). Therefore, the origin of abiotic
CH4 in serpentinite-hosted hydrothermal vents remains
inconclusive.

Recent studies have suggested that leaching of CH4-
bearing fluid inclusions in olivine-rich rocks can contribute
to the CH4 inventory in both submarine and subaerial
hydrothermal systems (McDermott et al., 2015; Klein
et al., 2019; Grozeva et al., 2020). It has been discovered
that CH4 synthesis associated with internal serpentinization
within olivine-hosted fluid inclusions is widespread in abys-
sal and orogenic peridotites (Klein et al., 2019; Grozeva
et al., 2020). In this respect, CH4 included in peridotite
may be a major source of CH4 venting at continental gas
seepage hosted in orogenic peridotite. Previous studies have
also reported the presence of CH4-rich fluid inclusions
within olivine in orogenic peridotite (Liu and Fei, 2006;
Sachan et al., 2007; Song et al., 2009; Katayama et al.,
2010; Miura et al., 2011; Arai et al., 2012). However, the
included CH4 was interpreted to be sourced mostly from
external reduced fluids (Liu and Fei, 2006; Sachan et al.,
2007; Song et al., 2009; Katayama et al., 2010; Arai et al.,
2012). Therefore, the origin of CH4 included in orogenic
peridotite remains unclear as it can be synthesized in situ
or derived ex situ. Even for CH4 synthesized during
in situ serpentinization within fluid inclusions in orogenic
peridotite, varying internal fluid–mineral interactions are
revealed by diverse step-daughter minerals that form within
fluid inclusions owing to the interaction of trapped fluids
with host minerals (Miura et al., 2011; Klein et al., 2019;
Grozeva et al., 2020).

In this study, we present a detailed petrological investi-
gation into multiple types of olivine-hosted CH4-bearing
fluid inclusions newly identified in the Yushigou ophiolitic
harzburgite from the North Qilian orogen in northern
Tibet. The Yushigou harzburgite has been reported to con-
tain olivine-hosted primary CH4-rich fluid inclusions
entrapped from external reduced fluids during the growth
of olivine (Song et al., 2009). In contrast, we provide evi-
dence that CH4 in fluid inclusions in the Yushigou harzbur-
gite was synthesized during internal serpentinization within
fluid inclusions. Moreover, we demonstrate that different
types of CH4-bearing fluid inclusions, which equilibrated
under different conditions, are present in the Yushigou
harzburgite. Above all, unusually abundant and diverse
CH4-bearing fluid inclusions in the Yushigou harzburgite
indicate that CH4-bearing fluid inclusions in orogenic peri-
dotite may not only be a significant reservoir of abiotic
CH4, but also constitute a new approach for studying ser-
pentinization and associated abiotic CH4 synthesis.

2. GEOLOGICAL SETTING AND SAMPLES

The North Qilian orogen is a typical oceanic suture zone
in the northeastern margin of the Great Tibetan plateau
(Fig. S1). It comprises early Paleozoic ophiolite sequences,
high pressure metamorphic rocks, and island-arc magmatic
rocks, as well as Silurian flysches, Devonian molasses, and
Carboniferous to Triassic sediments (Song et al., 2013).
Ophiolite suites in the North Qilian orogen are spatially
divided into the southern and northern belts. The Yushigou
ophiolite, located in the west of the southern ophiolite belt,
hosts the largest ultramafic body in the North Qilian oro-
gen (Fig. S1). Fault-bounded ultramafic rocks in the Yush-
igou ophiolite are mostly severely serpentinized and
carbonated. However, minor fresh peridotite blocks domi-
nated by harzburgite with subordinate dunite and pyroxen-
ite crop out along mountain ridges.

Fresh Yushigou harzburgite is composed mainly of oli-
vine and orthopyroxene with subordinate spinel and
clinopyroxene (Fig. S2). The harzburgite has undergone
only negligible alteration along fractures and mineral
boundaries. Loss on ignition (LOI) of the fresh harzburgite
is generally less than 1–2%, with some samples displaying
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negative LOI. The low LOI also shows that secondary alter-
ation is limited in the peridotite, consistent with petro-
graphic observation. The petrology and geochemistry of
the Yushigou harzburgite indicate that the harzburgite is
typical of forearc mantle residual peridotite (Song et al.,
2009, 2013; Zhang et al., 2019a), and the Yushigou ophio-
lite is a supra-subduction zone (SSZ) ophiolite. The
harzburgite has been subjected to plastic deformation under
near-solidus conditions, developing crystal preferred orien-
tations of olivine and orthopyroxene and slight foliation in
the matrix (Cao et al., 2015). Methane-dominated fluid
inclusions with lesser other gases or graphite have been
reported in olivine from a Yushigou harzburgite by Song
et al. (2009). As these fluid inclusions, which apparently
lacked serpentine and magnetite, partly resemble primary
fluid inclusions in distribution and morphology, it has been
proposed that CH4 included in the Yushigou harzburgite is
a primary fluid species entrapped during the growth of oli-
vine (Song et al., 2009). Moreover, these CH4-rich fluid
inclusions have been taken as evidence for metasomatism
of the mantle wedge by reduced fluids derived from the sub-
ducting slab (Song et al., 2009).

3. ANALYTICAL METHOD

Double-polished thin sections of fresh Yushigou
harzburgite samples were firstly examined for fluid inclu-
sions using an optical microscope. Raman spectra of repre-
sentative fluid inclusions were then obtained using a WITec
alpha 300R confocal Raman spectrometer (at the State Key
Laboratory of Isotope Geochemistry, Guangzhou Institute
of Geochemistry, Guangzhou, China) equipped with three
lasers (488, 532, and 633 nm), three gratings (300, 600,
and 1800 grooves/mm), and a back-illuminated charge-
coupled detector (1600 � 200 pixels). The Raman spec-
trometer was calibrated regularly using Ar and Ne lamps,
and twice a day using a standard silicon wafer during daily
analysis period. Routine spot Raman spectra of fluid inclu-
sions were acquired using the 488 nm laser, the 300 mm�1

grating, and a 100 � Zeiss objective (numerical aper-
ture = 0.9). To calculate the CH4 vapor pressure in fluid
inclusions (Lu et al., 2007), the Raman shift of the CAH
symmetric stretching band (ʋ1) of CH4(g) was measured
using the 632 nm laser, the 1800 mm�1 grating, and the
100 � Zeiss objective. Single-spot Raman spectra were
refined by averaging 5–10 acquisition sequences, with
acquisition times of 5–30 s per sequence. Besides spot anal-
yses, hyperspectral Raman mapping of representative fluid
inclusions was accomplished using the 488 nm laser, the
300 mm�1 grating, and the 100 � Zeiss objective, with
acquisition times of 15–30 s and x–y step sizes of 0.5–
1.0 lm. Raman spectra were processed with the Control
Five software that came with the Raman spectrometer.
Identification of Raman peaks was based on reference
phase spectra from the literature (Rinaudo et al., 2003;
Frezzotti et al., 2012). However, Raman peaks of graphite
deviated from standard positions owing to intrinsic struc-
tural heterogeneity, varying crystallographic orientation,
and the high laser power used to analyze fluid inclusions
(Beyssac and Lazzeri, 2012).
Opened CH4-bearing fluid inclusions were examined by
scanning electron microscope and electron probe microan-
alyzer (EPMA). Olivine grains separated from crushed sam-
ples were embedded in epoxy resin and carefully polished to
expose an internal surface. Opened fluid inclusions were
firstly located using reflected light under an optical micro-
scope and then analyzed by Raman spectrometer. Back-
scattered electron (BSE) images and semi-quantitative anal-
yses of opened fluid inclusions were obtained using a
SUPRA 55 SAPPHIRE field-emission scanning electron
microscope equipped with an Oxford Inca250 X-Max20
energy dispersive spectrometer (at the State Key Labora-
tory of Isotope Geochemistry, Guangzhou Institute of Geo-
chemistry). The accelerating voltage and the beam current
were set at 15 kV and 10 nA, respectively. Element distribu-
tion maps and quantitative analyses of opened fluid inclu-
sions were acquired using a JEOL JXA 8530F field-
emission EPMA (at the CAS Key Laboratory of Crust-
Mantle Materials and Environments, University of Science
and Technology of China, Hefei, China). Element mapping
of opened fluid inclusions was accomplished with an accel-
erating voltage of 15 kV, a beam current of 200 nA, a x–y
step size of 0.1–0.2 lm, and an acquisition time of 200 ms
at each point. Major-element analyses of host olivine and
step-daughter minerals in opened fluid inclusions were car-
ried out with an accelerating voltage of 15 kV, a beam cur-
rent of 10 nA, and a beam radius of 3 lm. Natural and
synthetic standards were used for element calibration, and
the ZAF method was used for data correction. Step-
daughter minerals in opened fluid inclusions were distin-
guished and identified based on a combination of Raman
spectra, BSE images, semi-quantitative analyses, and quan-
titative analyses.

4. PETROLOGRAPHY AND COMPOSITION OF

CH4-BEARING FLUID INCLUSIONS

Abundant and diverse CH4-bearing polyphase fluid
inclusions, composed of solid and gaseous phases, are
observed in olivine from the Yushigou harzburgite (Figs. 1
and 2). The vast majority of olivine grains separated from
crushed samples contains varying amounts of CH4-
bearing polyphase fluid inclusions. The inclusions are inter-
preted to have originally contained only fluid phase, with
the solid and gaseous phases that are now present being
the result of post-trapping fluid–host interactions. No free
H2O was detected in any fluid inclusion by Raman spec-
troscopy, indicating possible complete consumption during
internal fluid–host interactions. These CH4-bearing fluid
inclusions can be categorized into three types according
to their distribution, morphology, and composition. The
main characteristics of the three types of CH4-bearing fluid
inclusions are listed in Table 1.

Type I fluid inclusions are scarce, occurring mostly as
prismatic inclusions in oriented clusters in the interior of
olivine grains (Fig. 1a and b). Moreover, these fluid inclu-
sions are parallel to the foliation of the harzburgite, which
is indicated by preferred orientation of olivine and orthopy-
roxene with large grain sizes and high aspect ratios. The
long axes of type I fluid inclusions vary from several



Fig. 1. Photomicrographs showing distributions of multiple types of CH4-bearing fluid inclusions in olivine from the Yushigou harzburgite.
(a) Oriented and elongated type I fluid inclusions with decreasing sizes toward olivine rim. (b) A cluster of type I fluid inclusions in the interior
of olivine crosscut by a trail of type II fluid inclusions. (c) Crosscutting trails of type II fluid inclusions. (d) Planes of type II fluid inclusions
(indicated by the red arrows) extending from the grain boundary into the interior of olivine. (e) Densely distributed type II fluid inclusions in
an olivine grain. (f) A cluster of vermicular type II fluid inclusions extending from grain boundary into the interior of olivine. (g) A trail of
transgranular coarse-grained type III fluid inclusions compared with trails of fine-grained type II fluid inclusions. (h) Planes of coarse-grained
type III fluid inclusions compared with planes and patches of fine-grained type II fluid inclusions. (i) A patch of type III fluid inclusions with
varying sizes. Mineral abbreviations in this study are after Whitney and Evans (2010).

Fig. 2. Close-up views of representative CH4-bearing fluid inclusions in olivine from the Yushigou harzburgite. (a) Mostly prismatic type I
fluid inclusions with a few decrepitated examples (indicated by the red arrow). (b) Type I fluid inclusions with necking-down texture. (c)
Spindle-shaped type II fluid inclusion composed of CH4(g) + N2(g) + lizardite + brucite. (d) Coexisting brucite-bearing and brucite-absent type
II fluid inclusions. Brucite-bearing type II fluid inclusions show weak orientation. (e) Vermicular type II fluid inclusions with recognizable
magnetite and lizardite. (f) Cuspate type II fluid inclusions with magnetite and lizardite present. (g) Type II fluid inclusion with necking-down
texture. Transparent parts of fluid inclusions in (e)–(g) are a mixture of CH4(g) and N2(g). (h) A type III fluid inclusion with well-crystallized
antigorite and magnetite. (i) A type III fluid inclusion with an isolated magnesite grain.
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micrometers to about 80 lm, whereas the short axes vary
from several micrometers to about 20 lm. Some type I fluid
inclusions display irregular shapes owing to decrepitation
and uncompleted necking-down with splitting of a large
inclusion into several smaller inclusions (Fig. 2a and b).
Type I fluid inclusions are composed mainly of CH4(g),
antigorite, brucite, magnesite, and magnetite (Fig. 3a–d,
4, 5, and S3). Graphite and pentlandite (Fig. 5) are
observed in some type I fluid inclusions. Methane in type
I fluid inclusions has a Raman ʋ1 band ranging from
2913 to 2915 cm�1 (Fig. 6a; Table S1), corresponding to a
partial pressure range of 15.2–28.4 MPa.

Type II fluid inclusions are the most abundant and are
present in every sample. They occur in intragranular trails
(Fig. 1c), planes (Fig. 1d), and patches (Fig. 1e and f),
extending from the grain boundary to the interior of olivine
grain or to another grain boundary (Fig. 1d and f). Several
generations of type II fluid inclusions are present, as illus-
trated by their crosscutting relationships (Fig. 1c). Trails
of type II fluid inclusions crosscutting type I fluid inclusions
can be observed (Fig. 1b). Most type II fluid inclusions are
randomly distributed, though a few clusters show a weak
preferred orientation (Figs. 1e and 2d). Type II fluid inclu-
sions range from several micrometers to more than 100 lm
in size. They vary greatly in morphology, displaying either
regular or irregular shapes (Fig. 2c–g). Type II fluid inclu-
sions consist of either CH4(g) + N2(g) + lizardite + brucite
± magnetite ± graphite or CH4(g) + N2(g) + lizardite
+ magnetite ± graphite (Figs. 3e–f, 7, and 8). Hydrogen
was identified in a few type II fluid inclusions (Fig. 3e). In
contrast to types I and III fluid inclusions, carbonate was
rarely detected in type II fluid inclusions. Brucite-bearing
type II fluid inclusions are generally semitransparent with
regular morphologies, such as sphere and spheroid
(Fig. 2c–d and 7a). They are mostly smaller than 5–
10 lm, with a few reaching 10–20 lm (Fig. 2c–d, 7a, and
8a). In contrast, brucite-absent type II fluid inclusions are
mostly transparent, with magnetite and lizardite optically
observable in some large inclusions (Fig. 2d–g and 7b).
They vary greatly in size from smaller than 5–10 lm to lar-
ger than 100 lm (Fig. 2d–g, 7b, and 8b). Brucite-absent
type II fluid inclusions larger than 20 lm are quite common
and generally have irregular morphologies with cuspate
endings and stretching tentacles (Fig. 2d–g and 7b). The
Raman ʋ1 band of CH4(g) in brucite-bearing type II fluid
inclusions ranges from 2914 to 2916 cm�1 (Fig. 6b;
Table S1), with a calculated vapor pressure range of 10.4–
20.6 MPa. In contrast, the Raman ʋ1 band of CH4(g) in
brucite-absent type II fluid inclusions varies from 2911 to
2914 cm�1 (Fig. 6b; Table S1), corresponding to higher par-
tial pressures of 20.6–76.9 MPa. However, the calculated
partial pressure of CH4(g) in type II fluid inclusions is likely
to be an underestimate, as the presence of N2(g) can reduce
the Raman shift of the CH4(g) ʋ1 band (Fabre and
Oksengorn, 1992; Seitz et al., 1993). Type II fluid inclusions
in some clusters are too tiny to determine whether brucite is
present, but they generally have CH4(g) ʋ1 bands similar to
those of brucite-bearing fluid inclusions.

Type III fluid inclusions are also abundant, but much
less so than type II fluid inclusions. They occur in



Fig. 3. Representative single spot Raman spectra of CH4-bearing fluid inclusions in olivine from the Yushigou harzburgite. (a)–(d) Type I
fluid inclusions. (e)–(f) Type II fluid inclusions. (g)–(i) Type III fluid inclusions.

Fig. 4. Hyperspectral Raman mapping of a typical type I CH4-bearing fluid inclusion compared with the photomicrograph of the mapped
fluid inclusion. Warmer color in Raman mapping in all figures represents higher Raman signal intensity for the marked phase.

6 L. Zhang et al. /Geochimica et Cosmochimica Acta 296 (2021) 1–17
intragranular to transgranular trails (Fig. 1g), planes
(Fig. 1h), and patches (Fig. 1i). Type III fluid inclusions
locally crosscut or grade into brucite-bearing type II fluid
inclusions (Fig. 1h). Moreover, type III fluid inclusions
are larger on average than neighboring type II fluid inclu-
sions (Fig. 1g and h), with the sizes of most type III fluid
inclusions reaching 5–40 lm (Fig. 2h–i, 9, 10, and S4). Type
III fluid inclusions are composed of CH4(g) + antigorite



Fig. 5. BSE image and element mapping of an opened type I CH4-bearing fluid inclusion. Warmer color in element distribution maps in all
figures represents higher concentration for the marked element.
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+ magnesite + graphite ± magnetite ± dolomite ± pent-
landite ± lizardite (Fig. 3g–i, 9, 10, and S4). It is noted that
antigorite in most cases occurs with carbonate minerals in
type III fluid inclusions. Magnetite, magnesite, and well-
crystallized antigorite blades could be optically observed
in some type III fluid inclusions (Fig. 2h–i). Nitrogen could
not be detected in most type III FIs. Hydrogen was identi-
fied in several type III fluid inclusions. Moreover, lizardite
was locally detected to coexist with antigorite in a few type
III fluid inclusions (Fig. S5). Except for one sample, CH4(g)

in type III fluid inclusions mostly has a Raman ʋ1 band of
2913–2914 cm�1 (Fig. 6c; Table S1), corresponding to a
partial pressure range of 20.6–28.4 MPa.

The analytical results for major-element compositions of
host olivine and step-daughter minerals in opened CH4-
bearing fluid inclusions are listed in Table S2. The olivine
hosts of the CH4-bearing fluid inclusions are relatively
homogeneous, with Mg# (=Mg/(Mg + Fe) in moles) of
0.91–0.92. Antigorite in type III fluid inclusions is also uni-
form in composition, with higher Mg# of 0.96–0.97 and
high Si atoms per formula unit (apfu; normalized to 7 oxy-
gen ions) of 2.04–2.08 (Fig. 11). Opened type I fluid inclu-
sions are rare, with one antigorite blade (Table S2, No. 1)
showing a similar composition to that of antigorite in type
III fluid inclusions. Another antigorite blade (Table S2, No.
2) intergrown with brucite contains lower Si apfu and
higher Mg + Fe apfu (Fig. 11). Analysis of brucite and
antigorite mixtures (Table S2, No. 3) indicates the signifi-
cant presence of Fe in brucite, which is also supported by
element mapping (Fig. 5). Lizardite in type II fluid inclu-
sions shows varying extents of intergrowth with brucite,
which is characterized by Mg# of 0.89–0.99 and Si apfu
of 1.81–2.01 (Fig. 11). Brucite in type II fluid inclusions is
generally too small to allow accurate analysis. Carbonate
in type III fluid inclusions is mostly magnesite with subor-
dinate dolomite (Fig. 12). Magnesite in type III fluid inclu-
sions contains considerable FeO (2.44–8.29%) and minor
CaO (0.04–1.29%). In contrast, dolomite in type III fluid
inclusions contains less FeO (1.00–1.40%).

5. DISCUSSION

5.1. In situ formation of CH4(g) in fluid inclusions within

olivine in orogenic peridotite

Methane included within olivine-hosted fluid inclusions
in orogenic peridotite may originate from the following:
(1) entrapment of CH4-bearing reduced fluids from external
sources (Liu and Fei, 2006; Sachan et al., 2007; Song et al.,
2009; Katayama et al., 2010; Arai et al., 2012); (2) re-
speciation of initial CO2–H2O fluids with attendant gra-
phite precipitation during cooling (Kelley, 1996; Kelley
and Früh-Green, 1999, 2001); (3) in situ CH4 synthesis
via reduction of ƩCO2 by external H2(g), for example, gen-
erated during matrix serpentinization, diffused into fluid
inclusions (Hall and Bodnar, 1990; Hall et al., 1991;
Mavrogenes and Bodnar, 1994); or (4) in situ CH4 synthesis
via reduction of ƩCO2 by H2(g) generated during internal
serpentinization during cooling (Miura et al., 2011; Klein
et al., 2019; Grozeva et al., 2020). The assemblage of ser-
pentine, magnetite, brucite, H2(g), and carbonates in CH4-
bearing fluid inclusions from the Yushigou harzburgite
demonstrates that fluid–olivine interaction in fluid inclu-
sions have certainly taken place, favoring the in situ forma-
tion of CH4(g) via reduction of ƩCO2 by H2(g) produced
during internal serpentinization.

However, there is a need to determine whether other
mechanisms could have contributed to the CH4(g) budget
in fluid inclusions from the Yushigou harzburgite. Infiltra-
tion by primary external CH4-bearing reduced fluids into
the Yushigou harzburgite, as suggested by a previous study
(Song et al., 2009), is unlikely, as the harzburgite has a high



Fig. 6. Raman shift of the C–H symmetric stretching band (ʋ1) of
CH4(g) included in (a) type I, (b) type II, and (c) type III fluid
inclusions.
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oxygen fugacity of FMQ + 0.57–1.02 (Zhang et al., 2019a).
Moreover, carbonate minerals in fluid inclusions from the
harzburgite indicate that the initial trapped fluids were
probably oxidized. Re-speciation of CO2–H2O fluid inclu-
sions with attendant graphite precipitation generally pro-
duces CO2–CH4–H2O fluids that are in disequilibrium
with host olivine (Kelley, 1996; Kelley and Früh-Green,
1999, 2001). Furthermore, graphite is not ubiquitous in
all olivine-hosted fluid inclusions from the Yushigou
harzburgite. Diffusion of external H2(g) into fluid inclusions
was unlikely during internal serpentinization in fluid inclu-
sions, as serpentinization of olivine in fluid inclusions is
generally more reducing compared with serpentinization
of olivine–orthopyroxene matrix (Klein et al., 2013). More-
over, the peridotite is rather fresh, with limited serpen-
tinization and H2(g) generation. After the completion of
fluid–olivine interaction in fluid inclusions, external H2(g)

might diffuse into fluid inclusions owing to a reversed fH2

gradient. However, fluids should have been consumed in
fluid inclusions with the transformation of ƩCO2 into
CH4(g) or carbonates, which could hardly be further
reduced by H2(g). Therefore, CH4(g) in the fluid inclusions
was most likely derived from the reduction of ƩCO2 by
H2(g) produced during internal serpentinization, with
insignificant contributions from other mechanisms.

Serpentine and brucite could be produced in the fluid
inclusions by the reaction of H2O with the contacting oli-
vine wall during cooling of the harzburgite, according to
the following generalized reaction that can operate at 50–
600 �C (Evans, 2010):

olivine + H2O ! serpentine + brucite. ð1Þ
Hydrogen generation by the reduction of H2O is coupled to
the oxidation of ferrous Fe in olivine into ferric Fe in ser-
pentine and magnetite via the simplified reaction:

2FeO + H2O = Fe2O3 + H2. ð2Þ
The hydrogen produced can reduce ƩCO2 into CH4 via the
FTT reaction:

CO2 + 4H2 = CH4 + 2H2O. ð3Þ
Exhaustion as a reactant during the FTT reaction or loss
via diffusion may explain the lack of H2(g) in most fluid
inclusions. Preservation of H2(g) in some fluid inclusions
may be attributable to the generation of some external H2

(g) during matrix serpentinization, which could decrease
the fH2 gradient between the fluid inclusions and matrix flu-
ids. Carbonates were precipitated in types I and III fluid
inclusions owing to saturation of ƩCO2. In contrast,
ƩCO2 was probably exhausted during the FTT reaction in
type II fluid inclusions, without the precipitation of carbon-
ates. Poorly crystallized graphite (Figs. 3i and 9) is common
in types III and I fluid inclusions, but it is unclear whether
the graphite was precipitated owing to post-entrapment re-
equilibration of RCO2 during cooling (Kelley, 1996; Kelley
and Früh-Green, 1999, 2001) or ƩCO2 reduction by H2 gen-
erated during serpentinization (Andreani and Ménez,
2019).

Most previous studies reporting CH4-bearing fluid inclu-
sions within olivine in orogenic peridotite (including the
Yushigou harzburgite) have suggested an external source
for the included CH4(g) (Liu and Fei, 2006; Sachan et al.,
2007; Song et al., 2009; Katayama et al., 2010; Arai et al.,
2012). Moreover, the included CH4(g) has been taken as evi-
dence for reduced fluid activity in mantle rocks. In contrast,
the present study provides evidence that CH4(g) included in
the Yushigou orogenic harzburgite has an in situ origin. It
is possible that CH4(g) in fluid inclusions investigated in pre-
vious studies has an exotic origin that differs from CH4(g)

investigated in this study. Alternatively, step-daughter min-
erals (e.g., serpentine, brucite, and magnetite) might have
been neglected during previous petrographic observations
and spot Raman analyses on account of their small volumes
compared with CH4(g) and their propensity to locally line
olivine wall. Re-examination of the petrographies and
Raman spectra of previously reported single-phase CH4-



Fig. 7. Hyperspectral Raman mapping of typical (a) brucite-bearing and (b) brucite-absent type II CH4-bearing fluid inclusions compared
with photomicrographs of the mapped fluid inclusions.

Fig. 8. (a) BSE images of a cluster of brucite-bearing type II CH4-bearing fluid inclusions. (b) BSE images of a trail of brucite-absent type II
CH4-bearing fluid inclusions. (c) BSE image and element mapping of an opened brucite-bearing type II CH4-bearing fluid inclusion.
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rich fluid inclusions in orogenic peridotite reveals that some
fluid inclusions are clearly multiphase and likely contain
solid minerals such as magnetite and serpentine (Liu and
Fei, 2006; Song et al., 2009). Moreover, serpentinization
minerals have already been reported in other olivine-
hosted CH4-bearing fluid inclusions (Katayama et al.,
2010; Arai et al., 2012). Therefore, an in situ synthetic ori-
gin coupled with internal serpentinization cannot be
excluded completely for CH4(g) in these fluid inclusions,
which needs to be further verified. Above all, it is suggested



Fig. 9. Hyperspectral Raman mapping of the type III CH4-bearing fluid inclusion shown in Fig. 2h.

Fig. 10. (a)–(c) BSE images of representative opened type III CH4-bearing fluid inclusions. (d) Element mapping of the opened fluid inclusion
shown in (b).
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Fig. 11. Plot of Mg + Fe apfu versus Si apfu for serpentine
± brucite in opened CH4-bearing fluid inclusions. The stars
represent ideal lizardite and antigorite without element substitu-
tion. The brucite trend indicates intergrowth or mixing with brucite
for the analyzed serpentine.

Fig. 12. Ca–Fe–Mg ternary plot for carbonates in opened type III
CH4-bearing fluid inclusions.
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that CH4-bearing fluid inclusions in olivine from orogenic
peridotite may not be indicative of reduced mantle condi-
tions unless an internal origin for CH4(g) can be excluded
by high-resolution petrological techniques such as Raman
mapping.

5.2. High-temperature serpentinization and methanogenesis

in type I fluid inclusions

Type I fluid inclusions are mostly prismatic and ori-
ented, occurring in the interior of olivine and aligning par-
allel to the growth plane of olivine (Figs. 1a–b and 2a–b).
Therefore, type I fluid inclusions are probably primary fluid
inclusions trapped during the growth of olivine at supra-
solidus temperatures of >900–1000 �C. Their pointing in
the same direction may be ascribed to plastic deformation
under near-solidus conditions (Cao et al., 2015). As the
Yushigou harzburgite is typical of forearc mantle peri-
dotite, type I fluid inclusions were thus probably trapped
during hydrous melting of the forearc mantle in the pres-
ence of ƩCO2-rich slab fluids (Kawamoto et al., 2013).
Therefore, type I fluid inclusions would have formed during
the initial stage of subduction when the forearc mantle was
hot enough (>900–1000 �C). Serpentinization and associ-
ated abiotic CH4 synthesis could have been initiated in type
I fluid inclusions when the forearc mantle cooled down to
<600 �C, under which conditions serpentinization can
occur.

Compared with lizardite/chrysotile, antigorite is gener-
ally considered as the high-temperature form of serpentine
(Evans, 2004). Antigorite can form directly from the hydra-
tion of olivine via the reaction (Evans, 2004):

ð4Þ
Alternatively, antigorite growth due to the breakdown of
lizardite/chrysotile is possible at temperatures above 300 �
C according to the reaction (Evans, 2004):

ð5Þ

In addition, antigorite can also be transformed from lizar-
dite/chrysotile by Si metasomatism at temperatures lower
than 300 �C via the reaction (Evans, 2004; Klein et al.,
2017; Rouméjon et al., 2019):

ð6Þ
Antigorite growth from lizardite/chrysotile is also common
at elevated RCO2, and is actually due to reaction (6) with
the release of excess SiO2(aq) accompanying substantial
Mg removal during precipitation of magnesite (Menzel
et al., 2018; Boskabadi et al., 2020). Antigorite and brucite
in type I fluid inclusions could form directly from olivine
via reaction (4), or through a two-step process involving
metastable lizardite/chrysotile, given the slow growth kinet-
ics of antigorite (Evans, 2004). In the latter case, reactions
in type I fluid inclusions involved initial hydration of olivine
into metastable lizardite/chrysotile and brucite via the fol-
lowing reaction:

ð7Þ

followed by slower recrystallization of lizardite/chrysotile
into antigorite via reaction (5) or (6). However, reaction
(5) can hardly occur in cooling static fluid inclusions, as
overheating and deformation are probably needed to over-
come the very small driving force of this reaction (Evans,
2004; Früh-Green et al., 2001; Zhang et al., 2019b). The
presence of brucite in type I fluid inclusions renders reac-
tion (6) unlikely, as brucite crystallization is inhibited if
SiO2(aq) is enriched (Klein et al., 2009, 2013; McCollom
and Bach, 2009). Therefore, the coexistence of antigorite
and brucite in type I fluid inclusions implies direct hydra-
tion of olivine by reaction (4). This reaction has been rarely
investigated in the literature. However, its back-reaction
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ð8Þ
is well known in metamorphic petrology, as it is responsible
for the onset of antigorite dehydration and the first occur-
rence of secondary olivine in subducted serpentinite
(Scambelluri et al., 2004; Bretscher et al., 2018). Reaction
(8) is constrained to take place mostly at 400–500 �C
(Wunder and Schreyer, 1997; Evans, 2004; Bretscher
et al., 2018). Therefore, the alteration of olivine in type I
fluid inclusions via reaction (4) could have started at rela-
tively high temperatures (400–500 �C) in the stability field
of antigorite.

Previous studies focusing on serpentinization at 50 MPa
have suggested that serpentinization is extremely limited
and olivine is stable at temperatures > 400 �C (Allen and
Seyfried, 2003; Klein et al., 2009, 2013, 2019; McCollom
and Bach, 2009). In this respect, serpentinization-related
production of H2 and synthesis of CH4 are unlikely above
400 �C at pressures up to 50 MPa. Compared with lizar-
dite/chrysotile, antigorite has a much higher thermal and
barometric stability that enables serpentinization at 400–
600 �C in deep mantle rocks (Evans, 2010). Nevertheless,
there is uncertainty as to whether antigorite serpentiniza-
tion can precipitate magnetite, evolve H2, and synthesize
CH4 (Evans, 2010). Type I fluid inclusions in the Yushigou
harzburgite indicate that magnetite can be generated during
hydration of Fe-bearing olivine into antigorite, along with
reduction of H2O into H2(g) and further synthesis of CH4

(g) from ƩCO2. The feasibility of magnetite precipitation
during antigorite serpentinization is also indirectly sup-
ported by the fact that considerable magnetite can partici-
pate in reaction (8) to produce Fe-rich secondary olivine
in subducted serpentinite (Scambelluri et al., 1991; Debret
et al., 2013). However, the reaction sequence of serpen-
tinization in the stability field of antigorite, including the
partitioning of Fe into brucite and the precipitation of mag-
netite, is currently poorly understood. Limited EPMA data
and element mapping show that brucite can retain consid-
erable amounts of Fe during antigorite serpentinization
(Figs. 5 and 11), which is similar to the case of lizardite/
chrysotile serpentinization (Klein et al., 2009, 2013, 2019;
McCollom and Bach, 2009). Hydration of olivine into
antigorite and Fe-rich brucite without the precipitation of
magnetite has also been reported previously (Beard et al.,
2009). Therefore, the thermodynamics of Fe partitioning
during antigorite serpentinization need to be better con-
strained in the future.

Overall, type I fluid inclusions in the Yushigou harzbur-
gite demonstrate that substantial oxidation of ferrous Fe in
olivine and coupled formation of H2 and CH4 are thermo-
dynamically favorable during hydration of olivine into
antigorite. The high thermal and barometric stability of
antigorite (Wunder and Schreyer, 1997; Evans, 2004,
2010) tentatively suggests that abiotic CH4 synthesis associ-
ated with serpentinization can occur to considerable depths.
Subduction zones, including subducted lithospheric mantle
and the forearc mantle wedge, are potential sites of such
deep formation of serpentinization-related abiotic CH4.
Extensive production of high-pressure abiotic CH4(g) has
already been reported in metamorphosed ophicarbonate
from the Italian Alps (Vitale Brovarone et al., 2017). Abun-
dant CH4-bearing inclusions in the subducted Alpine ophi-
carbonate are considered to have formed from the
reduction of carbonates by H2(g) produced during antigorite
serpentinization of surrounding peridotite. Antigorite ser-
pentinization is more prevalent in the deep forearc mantle
(Evans, 2010), compared with subducted slab. Therefore,
widespread abiotic synthesis of CH4 is expected to occur
in the forearc mantle in the presence of ƩCO2-bearing slab
fluids, if kinetic barriers can be overcome. This process may
contribute to deep-sourced CH4 in the forearc area, with
the potential to support deep chemosynthetic microbial
activity (Plümper et al., 2017). Overall, CH4 abiogenesis
coupled with antigorite serpentinization may play an
important role in redox transfer, carbon cycling, and vital
activity in subduction zones, which is probably underesti-
mated at present.

5.3. Silica control on serpentinization and methanogenesis in

type II fluid inclusions

Type II fluid inclusions are distributed mostly in intra-
granular trails, planes, and patches (Fig. 1c–f). Therefore,
they have a secondary origin, involving entrapment of
external fluids along annealed fractures. Trails of type II
fluid inclusions are locally crosscut by serpentine veinlets
in the matrix, indicating entrapment of fluid inclusions
before the infiltration of fluids at the low-temperature stage
when olivine could not anneal. Although some type II fluid
inclusions show weak preferred orientations and display
negative crystal shapes (Fig. 1e and 2d), a primary origin
is not favored for them as they have similar compositions
to those of other type II fluid inclusions with a clearly sec-
ondary origin. In particular, all type II fluid inclusions are
characterized by the presence of N2(g) (Fig. 3e and f), which
remained inert during internal serpentinization while ƩCO2

was reduced to CH4(g). Nitrogen-bearing fluids can be
derived from air-equilibrated pore fluids trapped in sedi-
ments, metamorphism of N-bearing sediments, or deep
lithosphere degassing of N2 with an igneous or mantle ori-
gin (Vacquand et al., 2018). As the Yushigou harzburgite
represents typical forearc mantle peridotite, subducted sed-
iments are thus the preferred source of ƩCO2- and N2-
bearing fluids in type II fluid inclusions. Although fluids
in type II fluid inclusions were also derived from subducting
slab, type II fluid inclusions would have formed at lower
temperatures (<400–500 �C) during a later stage than type
I fluid inclusions, as they, unlike type I fluid inclusions,
were not subjected to high-temperature antigorite
serpentinization.

As mentioned above, type II fluid inclusions can be
divided into brucite-bearing and brucite-free subtypes.
Methane in brucite-free type II fluid inclusions has smaller
Raman ʋ1 band than CH4(g) in brucite-bearing fluid inclu-
sions (Fig. 6b). Although N2(g) can decrease the Raman
shift of the CH4(g) ʋ1 band (Fabre and Oksengorn, 1992;
Seitz et al., 1993), the calculated partial pressure for CH4

(g) in type II fluid inclusions should not be significantly
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influenced, as only minor N2(g) is present in type II fluid
inclusions. Therefore, the vapor pressure of CH4(g) in
brucite-free type II fluid inclusions is likely higher than that
of CH4(g) in brucite-bearing type II fluid inclusions. In other
words, CH4 productivity in brucite-bearing type II fluid
inclusions is lower than that in brucite-free type II fluid
inclusions. The contrast is probably dictated by brucite,
as brucite can take up considerable ferrous Fe during ser-
pentinization (Klein et al., 2009, 2013, 2019; McCollom
and Bach, 2009). Less Fe would be oxidized if considerable
ferrous Fe was hosted by brucite, yielding less H2(g) and
consequently CH4(g). The uptake of iron by brucite is sup-
ported by the EPMA results, which reveal that lizardite
with significant brucite intergrowth (low Si apfu and high
Fe + Mg apfu in Fig. 11) is enriched in FeO (Table S2).

Excess SiO2(aq) is required for brucite to be eliminated
from the products of olivine hydration by the reaction:

ð9Þ

Consequently, the simplest explanation for the contrast
between brucite-free and brucite-bearing type II fluid inclu-
sions is that brucite-free inclusions originally contained ele-
vated amounts of SiO2(aq). However, brucite is also
unstable during serpentinization under fluid-dominated
conditions even if the fluids contain only minor SiO2(aq).
Previous petrological observations of serpentinized peri-
dotite have revealed that hydration of olivine produces ser-
pentine and brucite under rock-dominated conditions,
followed by breakdown of early-formed brucite into mag-
netite and serpentine under water-dominated conditions
(Bach et al., 2004, 2006; Frost et al., 2013). Nevertheless,
fluid/mineral ratios during internal serpentinization in fluid
inclusions are very low, given the small volumes of fluid
inclusions and large amounts of host olivine. In other
words, internal serpentinization in fluid inclusions is always
mineral-dominated. Therefore, the formation of brucite-
free type II fluid inclusions is likely ascribed to elevated
concentrations of SiO2(aq) in the trapped fluids. Brucite-
free type II fluid inclusions with large sizes were created
during this stage of Si-enriched fluid activity. These large
fluid inclusions were more easily subjected to re-
equilibration during late-stage evolution owing to a thresh-
old size effect for re-equilibration of fluid inclusions
(Bodnar, 2003; Campione, 2018), which may explain their
irregular morphologies with cuspate endings and stretching
tentacles.

5.4. Serpentinization and methanogenesis with elevated

ƩCO2 in type III fluid inclusions

Type III fluid inclusions are generally similar to type II
fluid inclusions in distribution. They also occur along trails,
planes, and patches (Fig. 1g–i), which indicates a secondary
origin. Planes of type II fluid inclusions are locally crosscut
by planes of type III fluid inclusions, suggesting that type
III fluid inclusions formed later than type II fluid inclu-
sions. However, the grading of type II fluid inclusions into
type III fluid inclusions implies that types II and III fluid
inclusions actually record continuous fluid fluxes into the
Yushigou harzburgite. Therefore, different constituents of
types II and III fluid inclusions may reflect the composi-
tional evolution of percolating fluids from N2-rich and
ƩCO2-poor to N2-poor and ƩCO2-rich. In addition, the
presence of dolomite in type III fluid inclusions reveals that
the fluids became enriched in Ca2+.

As types II and III fluid inclusions initially formed in a
tight sequence, internal serpentinization in both types of
fluid inclusions should have proceeded at similar tempera-
tures. However, antigorite was produced in type III fluid
inclusions, in contrast to lizardite in type II fluid inclusions.
It is unlikely that antigorite in type III fluid inclusions was
produced via reaction (4), as in this case, antigorite should
also have been produced in type II fluid inclusions. Instead,
elevated ƩCO2 in type III fluid inclusions was probably
responsible for the stability of antigorite. Therefore, inter-
nal serpentinization in types II and III fluid inclusions is
roughly estimated to have occurred at about the critical
temperature (�250–300 �C) of lizardite breakdown into
antigorite (Evans, 2004). At this temperature, lizardite is
stable in type II fluid inclusions, whereas elevated ƩCO2

ensures the stability of antigorite in type III fluid inclusions.
Alteration of olivine at elevated ƩCO2 involves rapid

carbonation and slower serpentinization of olivine (Jones
et al., 2010; Klein and McCollom, 2013; Lafay et al.,
2014; Grozeva et al., 2017). In this regard, excess SiO2(aq)

could be released during fast magnesite precipitation in type
III fluid inclusions according to the reaction (Grozeva et al.,
2017):

ð10Þ

Dolomite could be precipitated if Ca2+ participated in the
reaction. Excess SiO2(aq) released by reaction (10) would
suggest that antigorite should be the most stable serpentine
phase in type III fluid inclusions. However, rare lizardite
identified in type III fluid inclusions (Fig. S5) suggests that
serpentinization in type III fluid inclusions was probably a
two-step process, with initial hydration of olivine into lizar-
dite via reaction (7) followed by breakdown of lizardite into
antigorite via reaction (6). This two-step process is consis-
tent with the sluggish nucleation kinetics of antigorite
(Evans, 2004), favoring the initial formation of metastable
lizardite prior to its recrystallization to stable antigorite.
Brucite produced in type III fluid inclusions probably
reacted out, as brucite is more reactive than lizardite/chry-
sotile during olivine carbonation (Klein and Garrido, 2011;
Klein and McCollom, 2013; Grozeva et al., 2017). In con-
trast to the ubiquitous occurrence of antigorite in type III
fluid inclusions, antigorite has not been reported in previ-
ous experimental studies on serpentinization in the presence
of ƩCO2-rich fluids (Jones et al., 2010; Klein and
McCollom, 2013; Lafay et al., 2014; Grozeva et al., 2017).
This may be partly ascribed to the small thermodynamic
driving force required to form antigorite from lizardite/
chrysotile (Evans, 2004), which kinetically inhibits the
growth of antigorite over the timescale of experiments. In
contrast, antigorite growth at the expense of lizardite/chry-
sotile could be achieved in type III fluid inclusions and nat-
ural carbonated serpentinite (Menzel et al., 2018;
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Boskabadi et al., 2020) over a much longer timescale, prob-
ably in the order of tens of years (Beinlich et al., 2020).
Nevertheless, further studies are needed to clarify the
growth kinetics of antigorite.

Previous experimental investigations have shown that
serpentinization ceases in the presence of high concentra-
tions of ƩCO2 (Klein and McCollom, 2013; Grozeva
et al., 2017), impeding the production of H2 and conse-
quently CH4. In this respect, ferrous Fe in olivine is rapidly
incorporated into carbonate without oxidation into ferric
Fe. Carbonates in type III fluid inclusions do contain con-
siderable Fe (Fig. 12; Table S2). However, the presence of
magnetite in type III fluid inclusions indicates that some
Fe has undergone oxidation, facilitating the generation of
H2(g) and synthesis of CH4(g). Therefore, it is suggested that
ƩCO2 concentrations in type III fluid inclusions were not
sufficiently high to allow exclusive incorporation of ferrous
Fe into carbonates. Some experimental studies have also
shown that magnetite is precipitated at lower ƩCO2 concen-
trations than those in the abovementioned experiments
(Jones et al., 2010; Lafay et al., 2014). Nevertheless, CH4

productivity in type III fluid inclusions should be lower
than that in brucite-free type II fluid inclusions, as consid-
erable ferrous Fe was taken up by carbonates. This is sup-
ported by the generally lower vapor pressure of CH4(g) in
type III fluid inclusions compared with that in brucite-
free type II fluid inclusions (Fig. 6). In contrast, the partial
pressure of CH4(g) in type III fluid inclusions is higher than
that in brucite-bearing type II fluid inclusions, revealing
that brucite can be more efficient than carbonates in taking
up ferrous iron during serpentinization. Partial pressure of
CH4(g) in type I fluid inclusions is similar to that of type III
fluid inclusions, indicating that CH4 yield in type I fluid
inclusions was also diminished due to incorporation of fer-
rous iron into carbonate. Nevertheless, the original ƩCO2

concentrations in type I fluid inclusions should be lower
than those in type III fluid inclusions, as brucite is stable
in type I fluid inclusions.

5.5. Implications for serpentinization and associated abiotic

CH4 synthesis

The presence and nature of CH4-bearing fluid inclusions
in olivine from the Yushigou harzburgite demonstrate the
following: (1) orogenic peridotite can contain large quanti-
ties of endogenetic CH4(g) within olivine-hosted fluid inclu-
sions; (2) nitrogen can remain stable during
serpentinization and be an important component of CH4-
bearing fluid inclusions in orogenic peridotite; and (3)
CH4(g) included in fluid inclusions in orogenic peridotite
can be preserved for a long time, considering that the Yush-
igou ophiolite formed in the Cambrian (Song et al., 2013).
The dense distribution of multiple types of CH4-bearing
fluid inclusions in the Yushigou harzburgite (Figs. 1 and
2) supports that CH4-bearing fluid inclusions can be very
abundant in orogenic peridotite (Klein et al., 2019;
Grozeva et al., 2020). Given the forearc origin of the Yush-
igou harzburgite (Song et al., 2009; Zhang et al., 2019a), the
unusual enrichment of CH4-bearing fluid inclusions in the
Yushigou harzburgite may be attributable to the prolonged
flux of slab fluids into the mantle wedge. In this regard,
olivine-hosted fluid inclusions in SSZ peridotite may be a
significant reservoir of abiotic CH4 in both present and fos-
sil mantle wedge. Leaching of these CH4-bearing fluid
inclusions in SSZ peridotite, such as that in the Mariana
forearc, Oman ophiolite, and New Caledonia ophiolite,
may therefore contribute greatly to the CH4 flux in related
hydrothermal fields (Klein et al., 2019; Grozeva et al.,
2020), even if CH4(g) included in the peridotite cannot com-
pletely account for CH4 venting at relevant sites. Besides,
N2(g) trapped in CH4-bearing fluid inclusions can also be
released during leaching, which can account for N2(g) pre-
sent in reduced gas seepages in many ophiolitic complexes
(Vacquand et al., 2018). Moreover, leaching of CH4(g)

and N2(g) included in orogenic peridotite can last over an
extended period of geological time, given the effectiveness
of CH4(g) and N2(g) storage in olivine-hosed fluid inclusions.

More importantly, CH4-bearing fluid inclusions in the
Yushigou harzburgite demonstrate that olivine-hosted
CH4-bearing fluid inclusions in orogenic peridotite can pro-
vide a novel avenue for studying abiotic CH4 synthesis dur-
ing serpentinization. The presence of multiple types of
olivine-hosted CH4-bearing fluid inclusions in the Yushigou
harzburgite demonstrates that CH4-bearing fluid inclusions
can record olivine–fluid interaction equilibrated under differ-
ent conditions, including temperature, SiO2(aq) content, and
ƩCO2 concentration, etc. Olivine-hosted fluid inclusions con-
stitute an efficient container of gaseous CH4 synthesized dur-
ing internal serpentinization, and can retain H2(g) if the
conditions are favorable. Moreover, olivine-hosted fluid
inclusions are well equilibrated owing to the sufficiently long
durations of internal serpentinization, varying from several
months to over 1 million years with a dependence on temper-
ature, inclusion size, and fluid chemistry (Lamadrid et al.
2020). In contrast, natural serpentinite was separated from
any gas phase produced during serpentinization by actively
percolating fluids. Experimental synthesis of CH4 during ser-
pentinization suffers from background contamination and
kinetic barriers (McCollom, 2013, 2016). Theoretical predic-
tions of serpentinization-driven CH4 formation can deviate
from natural situations because of simplification of systems
and inadequate knowledge of mineral thermodynamic data.
Therefore, olivine-hosted CH4-bearing fluid inclusions in
orogenic peridotite have an advantage over simulations,
experiments, and serpentinite rocks in providing new insights
into abiogenesis of CH4 during serpentinization. For exam-
ple, CH4-bearing fluid inclusions in the Yushigou harzbur-
gite presented in this study support the idea that antigorite
may play an important role during methanogenesis associ-
ated with serpentinization at high temperatures and elevated
ƩCO2 concentrations. Future investigations into more
diverse CH4-bearing fluid inclusions in olivine from other
orogenic peridotites are expected to further our understand-
ing of serpentinization and associated abiotic CH4 synthesis.
A disadvantage of investigating olivine-hosted CH4-bearing
fluid inclusions may be the minute sizes of fluid inclusions,
which could hinder extraction of some petrological and geo-
chemical information, although this potential problem
can be partly avoided by using high-resolution in situ
analyses.
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6. CONCLUSION

This study investigated the genesis of CH4(g) included in
olivine-hosted fluid inclusions in ophiolitic peridotite from
the North Qilian orogen, northern Tibet. Multiple types
of CH4-bearing fluid inclusions were identified in the peri-
dotite, revealing in situ CH4 synthesis via reduction of
ƩCO2 by H2(g) produced during diverse internal serpen-
tinization within fluid inclusions. Serpentinization and
associated abiotic CH4 synthesis in primary type I fluid
inclusions occurred at high temperatures, with the hydra-
tion of olivine directly into antigorite, brucite, and mag-
netite. This not only refutes the previous paradigm
suggesting inhibited H2 and CH4 production during high-
temperature antigorite serpentinization, but also expands
the realm of serpentinization-associated CH4 synthesis to
greater depths. In contrast, abiotic CH4 synthesis was asso-
ciated with lizardite serpentinization at lower temperatures
in type II fluid inclusions. Type II fluid inclusions are
divided into brucite-bearing and brucite-free subtypes, with
the crystallization of brucite or not determined by the con-
tent of dissolved silica in trapped fluids. Moreover, CH4

productivity in brucite-bearing type II fluid inclusions is
lower than that of brucite-free type II fluid inclusions, indi-
cating that brucite can diminish the CH4 yield by taking up
considerable ferrous iron during serpentinization. Serpen-
tinization and associated abiotic CH4 synthesis in type III
fluid inclusions were completed under similar temperatures
to those applying to type II fluid inclusions. However, ele-
vated ƩCO2 in type III fluid inclusions indicates that antig-
orite is favored as the stable serpentine phase when
carbonate is saturated. Moreover, a two-step process for
antigorite growth during serpentinization at elevated
ƩCO2, namely, hydration of olivine into lizardite followed
by transformation of lizardite into antigorite, is revealed
by the presence of relict lizardite in type III fluid inclusions.
Overall, the unusual abundance of CH4-bearing fluid inclu-
sions in the Yushigou harzburgite demonstrates that CH4-
bearing fluid inclusions in orogenic peridotite can be a sig-
nificant reservoir of abiotic CH4 in fossil orogens. More
importantly, our analyses of multiple types of CH4-
bearing fluid inclusions in the Yushigou harzburgite, which
record diverse serpentinization and associated abiotic
methanogenesis under different conditions, demonstrate
that the study of olivine-hosted CH4-bearing fluid inclu-
sions can provide new insights into serpentinization and
associated abiotic CH4 synthesis.
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