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The conditions of methane (CH,) formation in olivine-hosted second-
ary fluid inclusions and their prevalence in peridotite and gabbroic
rocks from a wide range of geological settings were assessed using
confocal Raman spectroscopy, optical and scanning electron micros-
copy, electron microprobe analysis, and thermodynamic modeling.
Detailed examination of 160 samples from ultraslow- to fast-spreading
midocean ridges, subduction zones, and ophiolites revealed that hy-
drogen (Hy) and CH, formation linked to serpentinization within
olivine-hosted secondary fluid inclusions is a widespread process. Fluid
inclusion contents are dominated by serpentine, brucite, and magne-
tite, as well as CHy() and H,(, in varying proportions, consistent with
serpentinization under strongly reducing, closed-system conditions.
Thermodynamic constraints indicate that aqueous fluids entering the
upper mantle or lower oceanic crust are trapped in olivine as second-
ary fluid inclusions at temperatures higher than ~400 °C. When tem-
peratures decrease below ~340 °C, serpentinization of olivine lining
the walls of the fluid inclusions leads to a near-quantitative consump-
tion of trapped liquid H,O. The generation of molecular H, through
precipitation of Fe(lll)}-rich daughter minerals results in conditions that
are conducive to the reduction of inorganic carbon and the formation
of CH,. Once formed, CHy) and Hy can be stored over geological
timescales until extracted by dissolution or fracturing of the olivine
host. Fluid inclusions represent a widespread and significant source
of abiotic CH; and H, in submarine and subaerial vent systems on
Earth, and possibly elsewhere in the solar system.

abiotic methane | fluid inclusions | serpentinization | methane seeps |
carbon cycling

he formation of molecular hydrogen (H,) and abiotic hy-

drocarbons such as methane (CHy) has far-reaching impli-
cations for our understanding of the deep Earth carbon cycle, as
well as the origin and maintenance of life on Earth and beyond.
Elevated concentrations of H, and CH, are associated with the
hydrous alteration of olivine-rich (ultramafic) rocks in many
natural environments, a process that entails a number of redox-
dependent dissolution—precipitation reactions collectively known
as serpentinization. Large quantities of H, are generated during
aqueous oxidation of ferrous iron-bearing minerals which results
in the reduction of dissolved inorganic carbon (3_CO, = COy,y) +
H,CO3 + HCO3™ + CO32'). Due to its important roles in a broad
array of biogeochemical processes, few aspects of deep-sea hy-
drothermal vent systems and alkaline springs and gas seeps on
land have attracted more attention than the origin of abiotic CH4
(1-5). Field observations have revealed that the abundance of abi-
otic CH, in hydrothermal systems hosted in mafic rocks (basalt,
diabase, gabbro) is substantially lower than in hydrothermal systems
hosted in ultramafic rocks (peridotite or peridotite plus gabbro), but
the pathways of abiotic CH, synthesis have remained elusive. Re-
cently, McDermott et al. (3) used carbon isotopic and mass balance
constraints to demonstrate that Y CO, reduction by H, does not
yield CH, during convection of hydrothermal fluids at the Von
Damm hydrothermal field, suggesting that abiotic CH, formation
and convective seawater circulation are decoupled. This challenged
the paradigm of significant abiotic CH, formation during active fluid
circulation and led to the suggestion that abiotic CH,4 observed in
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deep-sea hydrothermal fluids associated with ultramafic rocks may
be leached from fluid inclusions (3, 6-8). Many important questions
remain regarding fluid inclusion prevalence, formation, internal
fluid—mineral interaction, and their contributions of CH, to venting
fluids and global reservoirs. Moreover, because fluid inclusions may
form in olivine-rich rocks that interact with water on celestial bodies
elsewhere in our solar system, their formation may have key impli-
cations for the maintenance of microbial life beyond Earth.

Here we examined the chemical and mineralogical composi-
tion of fluid inclusions in olivine-bearing gabbros and partially
serpentinized peridotites from ultraslow-, slow-, and fast-spreading
midocean ridges, a backarc basin, subduction zone forearcs, and
ophiolites (Fig. 1 and SI Appendix, Table S1). We assessed the
distribution and composition of secondary fluid inclusions in olivine
by means of confocal Raman spectroscopy, scanning electron mi-
croscopy, transmitted and reflected light microscopy, and electron
microprobe analysis. Complementing these efforts, we used ther-
modynamic reaction path models to assess the geochemical envi-
ronments present within the inclusions during fluid entrapment,
serpentinization, and CH, formation.

Methane Abundance in Oceanic Peridotite and Gabbro

Examination of gabbro (n = 43) and peridotite (» = 117) in thin
sections with relict olivine revealed the presence of fluid inclu-
sions in rocks from each of the field locations shown in Fig. 1. All
of the olivine-bearing gabbro samples and 77% of the peridotite
samples contain fluid inclusions hosted in olivine. Image analyses
of some of the most inclusion-rich samples revealed more than
3 x 10° inclusions per cm?>. Inclusions vary in size from <100 nm
to ~30 pm in diameter and are heterogeneously distributed on a
millimeter to centimeter scale (Figs. 2 and 3 and SI Appendix,
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Our findings highlight the ubiquitous occurrence of methane
(CHy)-rich fluid inclusions in olivine-bearing rocks that, collec-
tively, may constitute one of the largest reservoirs of abiotic
CH,4 on Earth. Because serpentinization in olivine-hosted fluid
inclusions takes place in isolation from the surrounding rock,
hydrogen (H;) and CH, can form in any rock type containing
olivine that hosts aqueous fluid inclusions, including those
that do not undergo serpentinization on a macroscopic scale.
Serpentinization and associated CH, formation within olivine-
hosted fluid inclusions has likely supplied microbial ecosystems
with abiotic CH, throughout most of Earth’s history and may be
a source of H, and CH,; on other planetary bodies in our solar
system, even those where liquid water is no longer present.
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Figs. S1, S3, and S4). Most inclusions occur along planes, which
indicate a secondary origin via annealing of fluid-filled fractures
in the olivine host (9, 10). With the exception of 3 sites, i.e., Hess
Deep, the Romanche Fracture Zone, and the Mid-Atlantic Ridge
Kane Fracture Zone Area (MARK) which do not contain de-
tectable CH, in olivine-hosted fluid inclusions despite being rich in
H,, olivine-hosted fluid inclusions from all other sites examined in
this study contain CHy,y or CHyg) and Hy,) (Figs. 1 and 3 and S/
Appendix, Figs. S1 and S2 and Table S1). The partial pressure of
CHy() within olivine-hosted fluid inclusions determined using
empirical calibrations of the Raman shifts of CHyg,y (11) (SI Ap-
pendix, Table S1) are 0.4 to 55 MPa, with an average of 11.5 MPa.
Using the ideal gas law and the assumption that fluid inclusions
are spherical, we calculated that an inclusion with a diameter of
10 pm contains 8.4 x 1075 to 1.2 x 10> nmol CHy).

The CHyg content of individual fluid inclusions can be used
in conjunction with their abundance to estimate the CHy,
content of olivine-rich rocks. A rock containing 10° inclusions per
cm?® would contain 2.5 to 363 nmol CHyq) per gram of olivine. For
comparison, recent whole rock analyses of partially serpentinized
peridotite from the Mid-Cayman Rise and the Zambales ophiolite
indicate minimum CH,g) contents of 2 to 37 nanomoles (nmol)
per gram of rock (6). If it is assumed that peridotite constitutes at
least 5% of the seafloor in the Atlantic (12), Arctic, and Indian
Oceans, and that 77% of the peridotite contains 75 wt. % olivine
with fluid-inclusion-hosted CH, concentrations of 2.5 to 363 nmol
CHy per gram of olivine, we calculated that the uppermost ki-
lometer of mantle peridotite at slow- and ultraslow-spreading
ridges contains a combined mass of 2.5 to 367 Tg CHy, glob-
ally. Note that this minimum estimate does not include peridotite
at passive margins, subduction zone forearcs, fast-spreading ridges,
and ophiolites, which may contain additional CH,.

The lower oceanic crust likely represents an even larger res-
ervoir of abiotic CH, than the upper mantle. Gabbro is the
dominant rock type in the lower oceanic crust (12) and, as the
present study demonstrates, olivine in gabbro can contain abun-
dant CHy)rich secondary fluid inclusions. Grozeva et al. (6)
reported minimum concentrations of 72 to 310 nmol CHy, per
gram of gabbro in fluid inclusions hosted in olivine, plagioclase,
and clinopyroxene. If we assume that gabbro occurs in least 50%
of the area in the Atlantic, Arctic, and Indian Oceans, that gabbro
contains at least 72 nmol CHyg, g™ (6), and that the thickness of
the gabbro layer at slow-spreading ridges, although highly variable,
is close to 4 km on average (13, 14), the total amount of CHy,
contained in the lower oceanic crust is on the order of 4.8 Pg.
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Combining this value with CH, stored in upper-mantle peridotite
suggests that the fluid-inclusion-hosted lithospheric CH, reservoir
created at slow- and ultraslow-spreading midocean ridges exceeds
the amount of preindustrial CHy in the atmosphere (~2 Pg) (15).
This estimate does not include the potential contribution of
CH,4 hosted in fluid inclusions in the faster-spreading Pacific
lithosphere. Our analysis of 2 sites in the Pacific (Hess Deep
and Cocos Plate) yield contrasting results, which precludes a
meaningful assessment at this point. However, the oceanic
lithosphere in the Pacific contains additional, potentially mas-
sive amounts of abiotic CH,4 that remain to be quantified when
more gabbro and peridotite samples from layered oceanic crust
become available.

Serpentinization and CH,g) Formation within Olivine-Hosted
Fluid Inclusions

Electron microscope and confocal Raman analyses indicate that
iron-bearing serpentine (chrysotile, lizardite, antigorite), iron-bearing
brucite, and magnetite daughter minerals line the walls and occupy
the interiors of fluid inclusions while the pore space is occupied by
Hy) or CHy, or both (Fig. 3 and SI Appendix, Figs. S1-S5 and
Table S2). The dominant assemblage serpentine-brucite-magnetite-
Hy)-CHy provides robust evidence for serpentinization of the
olivine interior under closed-system conditions (16). This assemblage
is not limited to olivine-hosted fluid inclusions in ultramafic rocks,
but is also common in olivine-hosted fluid inclusions in gabbroic
rocks, indicating that serpentinization occurs in a wide range of
protoliths. While no liquid water was detected in any of the inclu-
sions examined, liquid water must have been present at the time of
entrapment and was subsequently consumed by the formation of
hydrous minerals at the expense of the olivine host. Accessory
daughter minerals (typically <5 vol. %) detected in some inclusions
include calcite, dolomite, magnesite, pentlandite, awaruite, talc, syl-
vite, and halite (SI Appendix, Fig. S4). Since dissolution of olivine can
only contribute Mg, Fe, Si, and minor amounts of Ni and Ca for
subsequent mineral formation, the presence of these accessory
minerals indicates that trapped fluids contained additional of Na, K,
Cl, S, and C. Furthermore, the occurrence of talc in some inclusions
points to elevated concentrations of dissolved Si in the fluid from
which it precipitated. Dissolved Si was likely derived from interaction
of fluids with the host rock prior to fluid inclusion formation. Al-
though the origin of the trapped fluids cannot be unequivocally
determined, the presence of Na, K, and Cl is consistent with a
seawater-like source fluid. Indeed, fluid-inclusion-bearing rocks from
the Mid-Cayman Rise (S Appendix, Table S1) have oxygen isotope

Peridotite

-
Mo CHag)
O-sample site

Mariana
forearc

Fig. 1. Map showing the distribution,
host rock type, and volatile contents of
samples examined in this study. Note that
inner circle of pie chart indicates propor-
tions of olivine and gabbro whereas the
color of the outer circle indicates the
presence (or absence) of Hy) (white) and
CHy(g) (orange).
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Fig. 2. Representative thin section photomicrographs of olivine-hosted
fluid inclusions from the Southwest (SW) Indian Ridge, Gakkel Ridge, Mid-
Cayman Rise (MCR), Mariana forearc (Conical Seamount), Hess Deep (East
Pacific Rise, EPR), and the Mid-Atlantic Ridge (MAR, Atlantis Massif).
Depicted inclusions contain serpentine, brucite, and magnetite, as well as
Ha(g) or CHyq) or both as determined with confocal Raman spectroscopy.

compositions indicative of interactions with evolved seawater at
temperatures up to 600 °C (17). Likewise, seawater may also be the
principal source of trapped fluids in rocks from other midocean
ridges and passive margins. In samples from subduction zone
forearcs, in contrast, water trapped in olivine may be derived
from devolatilization of the subducting slab (18-20).

The temperature range of fluid entrapment can be estimated
using geodynamic and thermodynamic constraints. The upper
temperature limit for entrapment of aqueous fluids in olivine
(not hydroxyl in the crystal lattice) is its brittle—ductile transition
temperature, which, depending on pressure, varies from 600 to
800 °C (21). At higher temperatures, olivine undergoes ductile
deformation without fracturing, and aqueous fluids cannot effi-
ciently penetrate olivine (22). Hydrogen- and CHy-rich fluid
inclusions occur in olivine-bearing rocks from midocean ridges, a
backarc basin, and subduction zones (Fig. 1). The common ele-
ment of these fundamentally different tectonic settings is the
presence of aqueous fluids that percolate through fractured
olivine-bearing rocks at high temperatures. What sets them apart
is their distinct thermal structures, which affect the depth dis-
tribution of conditions favorable for secondary fluid-inclusion
formation. At midocean ridges where geothermal gradients are
steep, temperatures of 600 to 800 °C correspond to depths of ~2
to 8 km where fluid-inclusion formation would be favorable.
Secondary fluid-inclusion formation may occur at significantly
greater depths where geothermal gradients are shallower, such as
at magma-poor midocean ridges, ridge-flank environments, frac-
ture zones, passive margins, and subduction zones (23, 24).

Fluids percolating through microfractures can only be trapped
as secondary inclusions if the fractured mineral is thermody-
namically stable and can anneal (9). We used the thermodynamic
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modeling code EQ3/6 (25) to assess the thermodynamic stability
of olivine and the interactions between trapped fluids and the
olivine host responsible for the formation of reaction products
observed within inclusions as a function of temperature and
COxq) concentration (Fig. 44). To this end, olivine (Mg; gFe(25i04)
was reacted with an evolved seawater-like aqueous fluid in a 5:1 mass
ratio at 100 MPa between 600 and 25 °C. Aqueous solutions initially
contained 0.1, 1, or 10 mmol/kg CO;(,, to assess how > CO, con-
centrations affect CH, formation.

Thermodynamic models (Fig. 44) and hydrothermal experi-
ments (26) suggest that Mg-rich olivine is stable in the presence
of water at temperatures higher than ~400 °C, which represents
the approximate minimum temperature for fluid-inclusion for-
mation. Note that the temperature stability of olivine in the
presence of water is affected by its fayalite content and pressure
(16). When the olivine host cools below ~400 °C, it reacts with
trapped water to form serpentine and magnetite. Only a small
amount of olivine needs to dissolve for the trapped aqueous fluid
to reach equilibrium with serpentine and olivine, according to
the following generalized reaction for Mg end members:

3Mg,SiO4 +2H,0 + SiOy ) _ 2Mg;Si,O5(OH), 1
olivine T serpentine

The limited extent of reaction 1 between 400 and 340 °C is
illustrated by the negligible decrease in the mass of water present
within the inclusion (blue line in Fig. 44). When the olivine host
cools below 340 + 20 °C, brucite becomes part of the equilibrium
mineral assemblage (Fig. 44) according to the simplified reaction

2Mg,Si04 +3H,0 _ Mg;SiOs(OH),

Mg(OH),
olivine serpentine )

brucite [2]
Reaction 2 buffers the activity of water for a given temperature,
pressure, and activities of olivine, serpentine, and brucite. The
equilibrium constant of reaction 2 increases by 8 orders of mag-
nitude between 340 and 25 °C. Assuming that the activities of
olivine, serpentine, and brucite remain constant within the inclu-
sion, the decrease of the equilibrium constant requires a decrease
in water activity from approximately unity at 340 °C to 107> at
25 °C to maintain thermodynamic equilibrium (SI Appendix, Fig.
S6). Because fluid inclusions represent a closed system and the
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Fig. 3. Representative Raman spectra and hyperspectral Raman maps of an
olivine-hosted inclusion in sample 107-651A-58R-1W, 48-50 recovered dur-
ing Ocean Drilling Program Leg 107 from the Tyrrhenian Sea backarc basin.
Abbreviations: C = chrysotile, B = brucite, O = olivine, H = hydrogen.
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amount of trapped water inside an inclusion is small relative to the
amount of olivine, reaction 2 can proceed until liquid water trap-
ped in the inclusion is exhausted.

The water-driven oxidation of ferrous iron in olivine to ferric
iron in magnetite and serpentine yields H, as represented by the
generalized reaction

2FeO + H,O =Fe, 03 + Hy, [3]

where FeO and Fe,O3 represent the ferrous iron component of
olivine and the ferric iron components of magnetite and serpentine,
respectively. Consequently, fluids within the inclusion interior
become increasingly H,-rich as serpentinization proceeds. The
model predicts the highest H, yields at ~300 °C (Fig. 44) when
the amount of magnetite present in the equilibrium mineral as-
semblage reaches a maximum (16). Indeed, the presence of mag-
netite and Fe contents of serpentine and brucite (SI Appendix,
Fig. S5 and Table S2) suggest serpentinization temperatures of
250 to 300 °C within the inclusions (16). Confocal Raman spectros-
copy revealed the presence of Hy in numerous olivine-hosted
secondary fluid inclusions (Fig. 3 and SI Appendix, Figs. S1, S2,
and S4 and Table S1), which is consistent with fluid mineral
equilibria involving the mineral assemblage pentlandite-awaruite-
magnetite detected in sample PS59-201-4 (27). As more H, is gen-
erated and water activity decreases, conditions become increasingly
favorable for the reduction of > CO, to CH, (Fig. 44) according
to the reaction

> CO, +4H, = CH, +2H,0. [4]

Water generated by reaction 4 is available to serpentinize olivine
via reactions 2 and 3, while the concurrent consumption of H,
promotes Fe oxidation via reaction 3, thus contributing to the
alteration of olivine. Together these reactions can proceed until
H,O or Y CO, is exhausted. The equilibrium models in Fig. 44
predict an increase in CHyj, fugacity with increasing initial CO5(,q)
concentration at the time of entrapment. The model also suggests
that CHyg) formation is thermodynamically favorable if a )" CO,-
bearing aqueous fluid trapped in olivine experiences cooling below
400 °C. Accordingly, the lack of detectable CH,4 in Hy-rich fluid
inclusions from tectonic windows such as Hess Deep may reflect
the absence of CO, in trapped fluids.

The strong temperature dependence of C speciation also implies
a compositional depth stratification of olivine-hosted secondary fluid
inclusions, with COy,) as the dominant C species in deeper zones
of the oceanic crust where temperatures exceed 400 °C and CHyg
as the dominant C species in shallower zones where temperatures
are lower. In ophiolites, present-day temperatures are much too low
for fluid-inclusion formation to be currently ongoing at depth, sug-
gesting that all olivine-hosted fluid inclusions formed in the geologic
past either prior to obduction or during a later reheating event.

Abiotic CH, from Fluid Inclusions in Submarine and Subaerial
Vent Systems

Recent radiocarbon and stable carbon isotope measurements, as
well as mass-balance constraints of dissolved carbon species,
suggest that abiotic CH, is not formed at the expense of > CO,
during convection of submarine hydrothermal fluids (2-4). A
magmatic source of abiotic CH, also seems unlikely since the
upper mantle at midocean ridges is too oxidized to stabilize CHy,,
and CH, from deeper sections in the mantle would “reequilibrate”
to CO, and H,O upon adiabatic decompression (28). As the
present study demonstrates, olivine-hosted secondary fluid in-
clusions rich in CH, are widespread in the lower oceanic crust
and upper mantle formed at midocean ridges. Leaching of olivine-
hosted fluid inclusions represents a mechanism for the addition of
abiotic CHy to circulating hydrothermal fluids in submarine ser-
pentinization systems that is not at odds with available geological
and geochemical constraints (2, 3, 6). Methane trapped in fluid
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inclusions has carbon isotopic compositions consistent with those
of abiotic CH, in submarine serpentinization systems (6). Because
CH, is formed in isolation from circulating vent fluids, the carbon
required for CH4 formation is not derived from circulating fluids,
in keeping with measured vent fluid compositions (3). Moreover,
CH,4 may be trapped within fluid inclusions for geologically sig-
nificant periods of time resulting in a radiocarbon-poor CH, res-
ervoir within the oceanic crust. Leaching of this CH4 would account
for the occurrence of radiocarbon-poor abiotic CH, in submarine
hydrothermal fluids associated with serpentinization (3, 4). To-
gether, these observations support the idea that olivine-hosted fluid
inclusions represent a potentially significant source of abiotic CHy
in submarine hydrothermal systems influenced by serpentinization.

Fluid inclusions in submarine serpentinization systems may
also represent a source of abiotic CH, in mafic-hosted submarine
hydrothermal systems that access gabbroic rocks. Fluids venting
from mafic-hosted hydrothermal systems are typically characterized
by much lower CH, concentrations than fluids venting from
serpentinite-hosted hydrothermal systems. The large difference in
concentrations notwithstanding, fluids from both environments
show remarkably similar carbon isotopic compositions (24, 29, 30).
The isotopic similarity points to a common underlying process re-
sponsible for CH, formation in these diverse substrates (2, 3). In
this respect, it is important to note that serpentinization within
olivine-hosted fluid inclusions in gabbro creates conditions condu-
cive to CH,4 formation that are independent of the redox conditions
in the surrounding rock and percolating fluids. Deeply penetrating
hydrothermal fluids interacting with fluid-inclusion-bearing gabbro
would have the same compositional features as fluids interacting
with basalt, but be enriched in CHy. Indeed, fluids venting from the
mafic-hosted Menez Gwen hydrothermal system exhibit CHyuq)
concentrations of up to 2.15 mmol/kg despite having many com-
positional features typical of mafic-hosted systems such as rela-
tively high SiO,(,,) and low Hy,,) concentrations (30). Methane
in fluids venting from mafic-hosted hydrothermal systems that
have similar carbon isotopic compositions, but lower concen-
trations (29), may reflect more limited access to gabbroic rocks
in the underlying plumbing systems. The emerging picture sug-
gests that fluid inclusions represent a significant source of abiotic
CH, in both mafic-hosted and ultramafic-hosted submarine hy-
drothermal systems.

Olivine-hosted secondary fluid inclusions were found in all
continental field locations indicated in Fig. 1. From these field
areas, active venting of CH,4 has been documented at Zambales
(1) and in the Ligurian Alps (31). As is the case for submarine
hydrothermal systems, derivation of abiotic CH4 by leaching
from fluid inclusions is consistent with available constraints in
continental serpentinization sites. Helium isotopes and stable
carbon isotopic compositions of CHy in fluid inclusions overlap
with those measured at continental CH, seeps (1, 6). Moreover,
fluid inclusions were formed in the distant geological past (>50 ka)
and therefore CHy is likely radiocarbon-free, as is observed in
CH, from continental seeps (1). Olivine-hosted fluid inclusions
from continental peridotites examined in this study show a range
of CH, pressures with some of the highest (55 MPa) in the entire
sample collection (SI Appendix, Table S1). Based on the results
of this study, we can assess whether abiotic CH, trapped in fluid
inclusions can account for the quantities of CH,4 released from
continental seeps. For instance, the Chimaera serpentinization
system in Turkey has released 0.076 to 0.5 km®> CH, during the
past 2 millennia (32, 33). If a source rock volume of 12 km” (32)
is assumed, and that peridotite at Chimaera contains 75 wt. %
olivine, the CH, abundances of 2.5 to 363 nmol CH4(g)3 per gram
of olivine in peridotite would yield 0.002 to 0.26 km” of fluid-
inclusion—derived CHy, broadly consistent with the amounts of
CH, released at Chimaera (SI Appendix, Fig. S7).

An alternative model involving CO, reduction via Sabatier
reactions in gas-filled fractures, with requisite radiocarbon-free
CO, derived from nearby sediments, has been proposed by
Etiope and Whiticar (33) for the origin of abiotic CH, in conti-
nental serpentinization systems such as Chimaera and Zambales

Klein et al.
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Fig. 4. Equilibrium model (A) and conceptual model (B) of CH, formation in
olivine-hosted fluid inclusions. (A) Predicted equilibrium composition of a
trapped fluid interacting with its olivine host in a closed system as a function
of temperature and initial COy(,q) concentration (0.1 to 10 mM). Also shown
is the mass of reactant water as a function of temperature. Above ~400 °C,
olivine (Ol) is stable, COy(,q is the dominant carbon species, and virtually
none of the liquid water is consumed by hydrous minerals. Below ~340 °C,
brucite (Brc), serpentine (Srp), and magnetite (Mag) form at the expense of
olivine (unstable), and most of the water is consumed while abundant H,
and CHy) are formed. See Methods for modeling details. (B) Conceptual
model illustrating the sequence of events that lead to the formation of CH,
in olivine-hosted inclusions and its subsequent release. Cooling from mag-
matic temperatures (1) to below the brittle-ductile transition temperature
(2) allows water to penetrate the rock. Healing of fluid-filled fractures (3)
forms secondary fluid inclusions. During cooling below 400 °C, serpentini-
zation begins (4). During cooling below 340 °C, increased H, generation and
consumption of water create conditions conducive to CH,; formation (5).
Fracturing or dissolution of the olivine host releases volatiles (6), which
subsequently vent at the surface (7).
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(Philippines). These authors dismissed a fluid-inclusion-leaching
model as a significant source of CH4 at Chimaera based on mass
balance estimates that indicated 5 x 10° km?® peridotite would be
required to produce 0.5 km®> CH, from fluid inclusions, an un-
realistic value considering the volume of peridotite at Chimaera
is only ~12 km® (32). However, the foundation of Etiope and
Whiticar’s (33) calculation is the assumption that the internal gas
pressure within fluid inclusions is 0.1 MPa (atmospheric pres-
sure). Our results show that this is clearly not the case. Repeating
their calculation and assuming internal CHy partial pressures of
0.4 to 55 MPa determined here would yield a required rock
volume of 210 to 1.53 km> to account for the lower estimate of
0.076 km® CH, and 1,383 to 10.06 km’ to account for the upper
limit of 0.5 km® CH,. Considering the large degree of overlap
between the estimated amount of CH, venting at Chimaera and
that in fluid inclusions, with the potential of excess CH, from
fluid inclusions, there is little justification to preclude fluid in-
clusions as a source of CH4 at Chimaera.

Summary and Implications

The findings presented in this study are summarized in a con-
ceptual model involving 6 stages that account for venting of abiotic
CH, at submarine and subaerial sites (Fig. 4B). Cooling of olivine-
bearing rocks from magmatic temperatures to below the brittle—
ductile transition (stage 1) is followed by faulting due to tectonic
movements or thermal contraction, which allows ingress and en-
trapment of aqueous fluids (stages 2 and 3). Continued cooling
causes serpentinization of the fluid-inclusion walls, H, generation,
and water consumption, which creates conditions conducive to
CO; reduction to abiotic CH, (stages 4 and 5). Subsequent in-
teraction of the olivine host with percolating aqueous fluids or
brittle fracturing releases abiotic CHy to circulating hydrothermal
fluids (stage 6) that result in its transport to seafloor or subaerial
vent sites. Venting of fluids enriched in abiotic CH, (stage 7) can
occur via focused, diffuse, or nearly invisible “stealth” flow in both
seafloor settings (3, 29, 34) and alkaline springs on land.

Most inclusions examined in this study occur in rocks collected
at or near modern plate margins (Fig. 1) and have Quaternary
cooling ages. In contrast, samples from the Zambales, Ligurian,
and Josephine ophiolites are significantly older. The oldest CHy-
bearing sample examined in this study is a peridotite from the
Josephine ophiolite that has not been heated since obduction
during the Jurassic (35). These rocks demonstrate that, once
formed, CHy) can be stored in olivine-hosted fluid inclusions
over geological timescales.

The formation of H, and CHy in olivine-hosted secondary inclu-
sions has likely been occurring since the onset of plate tectonics.
Extraction of trapped volatiles may have supported microbial eco-
systems within diverse geologic environments (Fig. 1). An intriguing
aspect of H, and CH, formation in fluid inclusions is that these
reduced volatiles can be stored over geological timescales and
extracted at a later point in time, even after hydrothermal activity has
ceased or when liquid water is no longer present. Such a process may
be particularly relevant to sources of CH, on Mars where spikes in
atmospheric CH, have been reported (36) and recently confirmed
(37), even though Mars has lost much of its atmosphere and liquid
water. Furthermore, if Mars is still seismically active (38), CH, could
be extracted through continual or episodic fracturing of the host rock.

Present-day release of trapped volatiles by these mechanisms
may provide sufficient H, and CH, to supply microbial ecosystems
with electron donors in natural environments where H, or CH,
formation would otherwise not be favorable. On ice-covered moons
such as Europa and Enceladus, where liquid water may interact
with an olivine-bearing rocky core, present-day conditions may be
conducive to the ongoing formation of fluid inclusions, particularly
if olivine is iron-rich. High iron contents can increase the stability of
olivine in the presence of water, thus lowering the minimum tem-
perature of fluid inclusion formation to as low as 200 °C (16).

Results of this study demonstrate the presence of olivine-
hosted fluid inclusions in a broad array of geological settings.
Extrapolation of our results globally suggests that inclusions may
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represent one of the largest sources of abiotic CH4 on Earth.
Circulation of aqueous fluids in olivine-rich substrates is critical in
the formation of fluid inclusions, in the release of CH, from fluid
inclusions, and in the transport of CH, to vent sites where it is
available to participate in numerous biogeochemical processes.
Similar processes involving fluid inclusions may occur elsewhere in
the solar system, with important implications for the distribution
and maintenance of microbial life beyond Earth.

Methods

Thin sections were examined for fluid inclusions using a petrographic mi-
croscope. Reflected light microscopy was used to locate and examine
opened inclusions. Fluid-inclusion abundances were estimated by analyzing
back-scattered electron images of inclusions exposed by polishing. The
mineral and volatile contents of secondary fluid inclusions were studied
with a Horiba LabRam HR800 confocal Raman microscope equipped with 3
lasers (473, 532, and 633 nm), a motorized x-y-z stage, 2 gratings (600 and
1,800 grooves per millimeter), and a thermoelectric-cooled charge-coupled
detector (1,024 x 256 pixels). The system was calibrated daily using a silicon
wafer and a monochromatic neon light source (Oriel model 6032). We chose
a 473-nm laser and a 100x objective (numerical aperture = 0.9) to resolve
objects smaller than 0.6 um. To achieve the highest possible spectral reso-
lution for CH, pressure calculations using Raman band position measure-
ments (11), we chose a 633-nm laser, a grating with 1,800 grooves per
millimeter, and a slit size of 30 um. Acquisition times ranged from 5 to 60 s
per analysis. To improve signal-to-noise ratios, 3 to 5 acquisitions were av-
eraged. Spectra were processed with the LabSpec 6 software for background
correction using polynomial functions and for peak fitting using a pseudo-
Voigt function. In addition to spot analysis, we acquired hyperspectral Raman
maps using a 473-nm laser, 600 grooves per millimeter grating, 100 to 300 pm
confocal hole diameter, 1 to 30 s acquisition time, 1 to 3 accumulation(s) per
spot, and x-y step sizes of 0.5 to 2 pm. Hyperspectral Raman maps were further
processed with the multivariate data analysis module integrated in the LabSpec
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6 software. Measured and calculated end-member spectra were compared
with reference spectra (11, 39-41).

Field-emission scanning electron microscopy (Marine Biological Laboratory)
and electron microprobe analysis (FE-EMPA, Yale University) were used to ex-
amine open fluid inclusions that were exposed by careful polishing. FE-EMPA was
carried out using an accelerating voltage of 15 kV and a beam current of 10 nA.
Spot sizes for quantitative analyses of hydrous minerals were at least 3.5 um to
minimize beam damage. The beam was fully focused for magnetite, sulfide,
and alloy measurements. Natural and synthetic standards were used for ele-
ment calibration, and raw data were corrected using the Phi-Rho-Z method (42).
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