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Abstract

Serpentinization is one of the most important water-rock reactions in oceanic lithospheres and
plays an important role in a variety of geochemical processes across the hydrosphere, lithosphere, and
biosphere. These processes include the global water cycle, deep biosphere maintained on the seafloor,
seismic and volcanic activity in subduction zones, and ore deposit formation. Serpentinization is the
reaction of olivine and pyroxenes with H,O. Hydrous minerals such as serpentine group minerals and
brucite and magnetite are the main products. In this reaction, the ferrous iron (Fe?*") in the reaction
minerals, such as olivine and pyroxene, is converted to ferrous iron (Fe**) in the product minerals, such
as magnetite and serpentine minerals, resulting a production of the significant amount of hydrogen by
the reduction of H>O. The hydrogen produced by the serpentinization reaction is an important energy
source for the energy-poor deep underground microbial biosphere due to the lack of energy from sunlight.
The hydrogen production during serpentinization is a key to understanding the scale of biomass of the
deep biosphere and the early life before photosynthesis. The amount of hydrogen produced depends on
the progression of serpentinization and the amount of hydrogen that can be produced by a unit mass of
primary rock. However, because the serpentinization process involves complex interactions of reaction-
fracturing-fluid flow, it is difficult to analyze the history of the serpentinization reaction from
observations of natural samples. In addition, the factors controlling the conditions for magnetite
formation and the amount of Fe** in serpentine, which are important for hydrogen production, are not
well understood.

The objective of this study is to determine the evolution of the hydrogen production process
in the serpentinization reaction of rocks in oceanic lithospheres, which proceeds with a reaction-fracture-
fluid transfer interaction. Observations and analyses were made on rock samples from the lower crust
to the upper mantle of the Oman ophiolite as an analogue of oceanic lithosphere. Petrological
observations, chemical analyses including iron redox state analysis, thermodynamic calculations, and
numerical simulations were used to understand the serpentinization process and hydrogen production.

I observed and analyzed drill core samples from the lower crust to the upper mantle recovered
during the Oman drilling project. The rocks from the lower crust to the upper mantle were extensively
homogenized serpentinized over a drilling range of 300m-400m. The lower crust is mainly composed
of gabbroic rock, and olivine is serpentinized with a mesh-like structure. The crustal mantle boundary
is composed mainly of dunite and is almost completely serpentinized. The upper mantle is composed of
harzburgite, which is serpentinized with a mesh texture. The dunite and harzburgite host rocks are cut
by serpentine and magnetite veins composed of antigorite and chrysotile, which are often visible at thin
section scales. Serpentinization around these mineral veins is limited, suggesting that the main
serpentinization stage occurred prior to the subduction stage. The antigorite + chrysotile veins show
higher As and Sb concentrations than the host rock mesh texture, suggesting that they were formed by
fluids that interacted with the subducting sediments. This suggests fluid inflow from depth in the
subduction zone setting. These suggest that the Oman ophiolite records rock-water reactions at the

seafloor and in subduction zone settings, and that the main stage of serpentinization with mesh texture



formation occurred primarily at the seafloor.

To understand the process of serpentinization reaction, which is a coupled process of
reaction-fracturing-fluid flow, I observed microstructures of natural rock samples and performed
numerical simulations. In the numerical model, a simple volume-increasing hydration reaction is
assumed and the reaction rate is considered to be a linear function of fluid pressure. While there have
been relatively many studies on numerical simulations of serpentinization of dunite (composed only of
olivine), few studies have focused on serpentinization of gabbroic rock with heterogeneous
microstructure. Therefore, we focused on the serpentinization of olivine in gabbroic rocks. The olivine
in gabbroic rocks is serpentinized to various degrees, forming a mesh-like structure. Radial cracks were
observed around the serpentinized olivine grains. Two stages of serpentinization were recorded in the
mesh texture. The early-stage microstructure consisted of serpentine, magnetite, and small amounts of
brucite. In contrast, the later stage microstructure consisted of relatively Al-rich serpentine and
magnetite, with no brucite present. This microstructure represents a change from a relatively closed
reaction to an open reaction. Numerical simulations showed that radial cracks formed around the olivine
due to the volume increase associated with the reaction. Simulations simulating thermal stresses show
that cracks preferentially form inside olivine due to the difference in thermal expansion coefficients
between olivine and plagioclase. Comparison of the numerical simulation results with natural samples
indicates that the stress induced by the volume change due to the reaction may play an important role in
the crack formation as a crack formation mechanism. This suggests that the high crack density in the
olivine interior in the early serpentinization stage leads to the olivine-dominated reaction, whereas in
the later stage, cracks are formed in the plagioclase and orthopyroxene as the olivine reacts, and Si and
Al are supplied by the increase in the reaction area of these minerals. These results suggest that Si and
Al are supplied by the increase in the reaction area of these minerals. These results indicate that the
reaction-associated crack formation causes an increase in W/R and Si activity, as well as promotes the
reaction.

To determine the amount of hydrogen produced during serpentinization and factors control the
amount of hydrogen, bulk-rock analysis and mapping of the redox state of iron were performed using
synchrotron X-ray absorption fine structure spectroscopy. The result from the bulk-rock analysis shows
differences in hydrogen production by primary rock composition. The mapping of the redox state of iron
in rock microstructures was used to reveal the history of hydrogen production recorded in the rock
microstructures. The iron redox state in serpentine were found to be high (Fe**/ZFe=~0.6-1.0) around
the mineral veins, which are thought to have been primary fluid pathways. On the other hand, the Fe**
content of mesh texture serpentine, which main component of the serpentinite, is found to be about 30-
40%. Thermodynamic calculations were performed to determine the factors controlling hydrogen
production. Comparison of the results of thermodynamic calculations with those of in-situ and bulk-
rock analyses revealed differences in mineral composition and the influence of fluid supply on hydrogen
production. These results reveal the evolution of the reaction progress and hydrogen production with the
interaction of reaction, fracturing, and fluid flow in the serpentinization in oceanic lithosphere.

These results indicate that the formation of microcracks due to the volume increase associated



with the reaction forms the fluid pathways and also increases the silica activity by forming cracks in the
silica-rich minerals (orthopyroxene and plagioclase) around the olivine, increasing the reaction surface
of these minerals. It is suggested that hydrogen produced by the serpentinization reaction is dynamically
controlled by reaction-fracturing-fluid flow interaction during serpentinization in the oceanic
lithosphere. Such changes in hydrogen production in oceanic lithospheres may lead to temporal and

spatial variations in deep biosphere.
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Chapter 1: Introduction and Review of Previous Studies

1.1. Significance of serpentinization

The long-term availability of water is an important factor in the origin and evolution of life
and dynamics on solid Earth. Therefore, the hydration of the oceanic lithosphere plays an important role
in the global water cycle. The hydrated oceanic lithosphere at the seafloor moves into the Earth's interior
at subduction zones (Fig. 1.1). This process controls the budget of the H,O and other elements between
the Earth's surface and interior (Hacker, 2008; Riipke et al., 2004; Schmidt and Poli, 1998; Van Keken
et al., 2011). Serpentine minerals, which are formed by the hydration reaction of mantle rocks, are
important as the main carrier of water into the Earth’s interior. The serpentinization reaction is a reaction
in which water reacts with minerals such as olivine [(Mg,Fe),SiO4] and orthopyroxene [(Mg,Fe),Si,0s],
which are abundant in mantle rocks, to form hydrous minerals such as serpentine [(Mg,Fe)3Si2Os(OH)]

and brucite [(Mg,Fe)(OH):]. The simplified serpentinization reaction is written as follow:

2Mg,Si0, | 3H,0 _ MgsS5i;05(0H),  Mg(OH),

= . R1.1
Olivine Water Serpentine Brucite ( )

The serpentine minerals contain ~12-13 wt. % H»>O in its crystal structure. The oceanic lithospheres,
which react with seawater to form serpentine, are carried into the Earth's interior at subduction zones
(e.g., Japan and Chilie). The serpentine decomposes at a depth of about 100 km and a temperature of
650-700 °C, releasing water. The released water reduces the strength of the rock and is thought to be
associated with the occurrence of earthquakes at shallow subduction zones (Sibson, 1992; Tauzin ef al.,
2017). Furthermore, the water content of subducting oceanic plates is thought to be one of the factors
controlling plate shape and mantle flow pattern in the subduction systems (Nakao et al., 2018).

The hydrated oceanic mantle has greater potential as a water carrier than the oceanic crust
(Schmidt and Poli, 1998). However, the nature of serpentinization in the lower crust-upper mantle of the
oceanic lithosphere are still poorly understand due to technical problems (e.g., the difficulty of drilling
deep into the oceanic lithosphere and the limited resolution of geophysical observations). As a result,
the estimates of the amount of water transported into the deep Earth at subduction zones have a large
uncertainty (Hacker, 2008; Hatakeyama et al., 2017; Hyndman et al., 2015; Riipke et al., 2004; Van
Keken et al., 2011).
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Fig. 1.1. Illustration of the oceanic lithosphere from the mid-ocean ridge to the subduction zone.

The other aspect of serpentinization has received particular attention since the discovery of a unique
microbial community (methanogens) in the extreme environments associated with serpentinite host
hydrothermal vents (Kelley et al., 2005). This unique microbial community on the seafloor, where
sunlight is not available as an energy source, provides insight into primitive life in the earliest period of
the Earth, from about > 4 billion years ago (Hedges, 2002) to the emergence of photosynthetic microbial
communities about 3.7 billion years ago (Nutman et al., 2016).

The energy source for life on the seafloor is hydrogen generated by serpentinization reactions
and mantle-derived inorganic carbon (£CO, = CO;, 4 + H2CO3 + HCO®* + CO5%) (Proskurowski et al.,
2008). Carbon is supplied by degassing of magma at the Central Ridge or from graphite and amorphous
carbon. Methanogens obtain energy from methanogenic reactions based on hydrogen and carbon dioxide.
Such deep subsurface life is thought to account for about 15% of life on Earth (Bar-On et al., 2018).

In the serpentinization reaction, hydrogen is produced by the reduction of water as ferrous iron
(Fe*") in primary mantle minerals such as olivine and pyroxene are transformed into serpentine and

magnetite containing ferric iron (Fe*"). The reaction is expressed as follows (McCollom et al., 2022):

(Mg, Fe?t),Si0, + VH0 | w(Mg, Fe?*,Fe3+),(Si, Fe3*),0:(0H),
Olivine Water Serpentine

+x(Mg,Fe2+)(OH)2+yFe2+Fe3+204+ zH,
- Brucite — Magnetite — Hydrogen

(R1.2)
The coefficients v-z can be highly variable depending on starting minerals, pressure-temperature
conditions, and solution chemistry (McCollom et al., 2016, 2020, 2022; McCollom and Bach, 2009;
Ogasawara et al., 2013; Okamoto et al., 2011; Oyanagi et al., 2018, 2020). A comprehensive analysis
of the results of many laboratory experiments indicates that the amount of hydrogen produced appears
to be controlled by the temperature and pressure conditions in particular (Huang et al., 2021). As a result
of hydrogen generation from the serpentinization reaction, cation consumption and free OH- increase

and solution becomes alkaline and reduced condition (Holm et al., 2015). As the result, hydrothermal
2



fluids from seafloor hydrothermal vents (Kelley ef al., 2005) and onshore spring waters (Miller et al.,
2016; Suda et al., 2014; Suzuki et al., 2017; Yoshiya et al., 2019) , where serpentinization reactions are
thought to occur, have a high pH. The reductive nature of the serpentinization reaction is also supported
by the presence of Ni-Fe alloys in serpentinite (Frost, 1985) and the absence of epidote(Nozaka and
Tateishi, 2023). The high concentrations of molecular hydrogen during serpentinization under
hydrothermal conditions are reproduced in many laboratory experiments e.g., (Marcaillou et al., 2011;
McCollom et al., 2016; Seyfried et al., 2007).

Life activities driven by serpentinization reactions are not limited to the seafloor but are also
ubiquitous in terrestrial ultramafic bodies. Serpentinization reactions on continents are often
accompanied by high pH springs, including the Cedars, USA (Suzuki ef al., 2017); Oman Ophiolite,
Oman (Miller et al., 2016), Hakuba-Happo hot spring, Japan (Suda et al., 2014; Yoshiya et al., 2019).
In addition, unlike serpentinization on the seafloor, continental serpentinization reactions using meteoric
water are poor in sodium and potassium. This makes it difficult to generate adenosine triphosphate (ATP)
using the concentration gradient of sodium ions in and out of the body, which together with the strongly
alkaline environment is an extreme environment for organisms (Suzuki et al., 2017). However, despite
such a severe environment, microorganisms have been discovered that use hydrogen produced by
serpentinization as an energy source (Miller et al., 2016; Suzuki et al., 2017).

Trace minerals such as chromium spinel, magnetite, and Ni-Fe alloys in serpentinite act as
catalysts to convert hydrogen produced by serpentinization and externally supplied carbon to generate
hydrocarbon compounds (Berndt et al., 1996; Horita and Berndt, 1999; Preiner ef al., 2020; Sleep et al.,
2004). Such abiotic organic matter production may have played an important role in the process of origin
of life. Most of the hydrocarbon compounds produced during serpentinization have simple structures
(Konn et al.,2015; Ménez et al., 2018), but several studies have suggested that amino acids are produced
by the Fredel-Crafts reaction catalyzed by clay minerals such as saponite (Ménez et al., 2018). Such
organic matter synthesis processes related to serpentinization that support the hydrothermal origin of
life in hydrothermal environments (Martin et al., 2008; Ménez et al., 2018; Russell, 2007; Sleep et al.,
2004). In addition, serpentine minerals can be found in meteorites and asteroidal rocks (Steele ef al.,
2022; Yokoyama et al., 2023). Thus, the biosphere in extreme environments and organic synthesis driven
by serpentinization are interest for the origin of life, and for constraining of the possibility of life beyond
Earth (Colman et al., 2017).



1.2. Structure of oceanic lithospheres
1.2.1. Structure of the oceanic lithosphere based on geophysical

observations

As mentioned in the previous section, serpentinization of the oceanic lithosphere plays an
important role in the deep life, the global water cycle, and seismic activity and volcanism at subduction
zones. The structure of the oceanic lithosphere and the spatial distribution of serpentinized rocks were
interpreted from velocity structures observed using seismic tomography. Seismic tomography is a
method of determining the spatial distribution of seismic velocities in the subsurface by examining the
arrival times of a large number of seismic waves. By comparing the seismic tomography velocity
structure with the p-wave velocity (V) and s-wave velocity (Vs) of rocks measured in laboratory
experiments. The type of rock and the structure of the oceanic lithosphere can be estimated by seismic
tomography.

The seismic velocity structure of the oceanic lithosphere can be divided into three distinct
structures. The uppermost "first layer" is composed of sediments. The underlying "second layer" has
~1.5-2.0 km thickness, which is thought to correspond to the upper crust, has a V}, of 4.1-6.5 km/s and
is thought to be composed of pillow lava and basalt (Hyndman and Drury, 1976; Whitmarsh, 1978;
Wilson et al., 2006). The seismic wave velocities in the upper part of the second layer are about one-
third to one-half of the laboratory measured values for intact basalt rock due to high porosity (Hyndman
and Drury, 1976). Seismic wave velocities in the second layer increase with depth, which is explained
by a decrease in porosity (Hyndman and Drury, 1976; Whitmarsh, 1978). The "third layer" located below
the second layer, is considered to correspond to the lower crust. It has a faster V;, of 6.5-7.1 km/s than
the upper crust (Christensen, 1972). The higher seismic velocities than in crustal rocks (V, =4.1 - 7.1
km/s) may represent rock structures associated with the Crust-Mantle transition zone, where gabbroic
rock and dunite alternate (Tamura ef al., 2022), or serpentinized mantle (Christensen, 2004). Below layer
3, the mantle is thought to consist of a mantle with a V}, of ~8.2 km/s (Christensen, 1996).

The thicknesses of the second and third layers, which are thought to comprise the oceanic crust,
are known to vary with the spreading rate of the ridge (Fig. 1.2). Ridges are classified according to their
spreading rates as fast-spreading ridges (~80-180 mm/yr), intermediate-spreading ridges (~55-70
mm/yr), slow-spreading ridges (20-55 mm/yr), and very slow-spreading ridges (< ~12 mm/yr) (Dick et
al.,2003). The crust of the slow-spreading ridges is thinner and more discontinuous than that of the fast-
spreading ridges because mantle melting to form oceanic crust is limited by cooling caused by thermal

conduction (Cannat, 1993).
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Fig. 1.2. Global map of the spreading rate of the oceanic lithosphere (Guillot et al., 2015a).

Interpretation of seismic tomography is largely based on comparisons with rock samples obtained by
ocean drilling. However, no ocean drilling has penetrated more than 2 km through the ocean crust (Dick
et al., 2006; Michibayashi et al., 2019). An ocean drilling project aimed at drilling the crust-mantle
boundary, penetrating the 5-6 km thick crust was proposed more than 60 years ago to drill directly into
the Moho, but has not yet been accomplished due to technical difficulties (Michibayashi et al., 2019;
Tamura et al., 2022). Due to these limitations of observation techniques, the nature of the oceanic
lithosphere, especially the lower crust to the upper mantle has not been fully understood. On the other
hand, characteristics of serpentinization reaction is controlled by temperature pressure and mineral
combinations. Thus, it is required that unravel the nature of the crust-mantle of the oceanic lithosphere

for better understand of the serpentinization process.



1.2.2. Oman Ophiolite: the paleo-oceanic lithosphere

Ophiolite studies have been conducted to investigate rocks deep in the oceanic lithosphere,
where ocean drilling is associated with technical difficulties. Ophiolites are geological bodies that have
been exposed on continents from the rocks that comprised the ocean floor, providing direct access to
rocks from the oceanic lithosphere from the crust to the mantle. The Oman Ophiolite is located at the
southeastern tip of the Arabian Peninsula and is exposed over an area of more than ~20,000 km?. The
Oman Ophiolite has a typical stratigraphic sequence of the oceanic lithosphere from pillow lava to the
upper mantle and has been well studied by researchers around the world. The Oman ophiolite consists
of a crust composed of pillow lava, sheeted dikes, and gabbroic rock, and a mantle peridotite (Boudier
et al., 1996; Boudier and Coleman, 1981a, 1981b; Boudier and Nicolas, 1995; Garbe-Schonberg et al.,
2022; Hopson et al., 1981; Koepke et al., 2022; Nicolas et al., 1988, 1996, 2000; Nicolas and Boudier,
2015). Based on U-Pb dating of zircons in crustal rocks, the Oman ophiolite is thought to be formed at
a moderate to fast expanding ridge (Nicolas et al., 2000; Rioux et al., 2012). It is generally accepted that
the Oman ophiolite is a oceanic lithospheric sequence that formed at an oceanic fast-expanding ridge,
similar to the stratigraphic structure of the Pacific crust, and has been widely accepted by ocean drilling
and seismic velocity structure observations (Christensen, 1978; Nicolas et al., 1996).

The Oman ophiolite formed at the ridge, and with the closure of the Tethys Sea, it was uplifted
above the other ocean plate and experienced a tectonic setting in the upper plate of subduction zone (Fig.
1.3). It then over thrusted the top of the subducting oceanic lithosphere and was lifted onto the
continental crust of the Arabian Peninsula. The formation process of ophiolites, not just the Oman
ophiolites, requires subduction process, first as subduction within the ocean, followed by short-time
continental subduction beneath the ophiolite (Ninkabou et al., 2021). Contact metamorphic rocks found
in the lowermost part of the mantle section, known as "metamorphic sole", are thought to be traces of
subduction processes during the formation of the Oman ophiolite. Metamorphic soles are thought to
have formed at the onset of subduction in the ocean (Cowan et al., 2014; Hacker, 1991, 1994; Hacker et
al., 1996), and their metamorphic ages range from 96.16-94.82 Ma, which is close to the crustal
crystallization age of 96.12-95.50 Ma (Rioux et al., 2016). This suggests that the overthrust of the Oman
ophiolite onto the oceanic plate began shortly after the formation of the crustal section (Rioux ef al.,
2012, 2013). Peak metamorphic temperature and pressures of the metamorphic sole reached 900 °C,
1.1-1.3 GPa (Cowan et al., 2014), followed by cooling and evolution to steady-state thermal evolution
of subduction process (Agard et al., 2016). Subduction of continental crust occurred at ~81-77 Ma
(Garber et al., 2020), and after that the Oman ophiolite settled onto the Arabian Peninsula. In these
formation histories, the Oman ophiolite records water-rock reactions not only on the seafloor, but also
in subduction zones and on land alterations. Therefore, in order to understand the seafloor water-rock

reactions of ophiolite rocks, it is necessary to separate them into individual stages.
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Fig. 1.3. Formation history of the Oman Ophiolite (Michard et al., 1991).



1.3. Geophysical evidence for serpentinization

1.3.1. Seismic velocity of serpentinite

Insufficient constraints on the water content of the mantle of the oceanic lithospheric mantle due to
technical limitations in ocean drilling and physical observations (Hyndman et al., 2015) lead to a wide
range in estimates of the amount of water transported into the Earth's interior at subduction zones
(Hacker, 2008; Hatakeyama et al., 2017, Parai and Mukhopadhyay, 2012; Riipke et al., 2004; Schmidt
and Poli, 1998; Van Keken et al., 2011). Serpentine plays an important role as a water carrier because it
contains a lot of HO (~13 wt. %) in the crystal structure (Schmidt and Poli, 1998). Estimating the
amount of water transported into the Earth's interior requires accurate an estimate of the extent of
serpentinization in the oceanic lithosphere. However, it is difficult to accurately estimate the degree of
serpentinization of the oceanic lithosphere from the seismic velocity structure alone, except in cases of
low serpentinization (~30% maximum). The ¥}, of 0-30% serpentinized peridotite is 7.4-8.2 km/s, which
can be distinguished from the ¥}, of the oceanic crust (4.1-7.1 km/s). A slightly lower ¥}, than that of the
mantle is interpreted to result in a low degree of serpentinization of ~10-20% (Fujie et al., 2013;
Grevemeyer et al., 2018b; Ranero et al., 2003; Van Avendonk et al., 2011). However, the V, of ~30-
100% serpentinized peridotite is 4.5-7.0 km/s, which overlaps with the V, of oceanic crust (4.1-7.1 km/s),
making it difficult to distinguish between crust and serpentinized mantle (Horen ef al., 1996).

When the degree of serpentinization is high, it is difficult to constrain the degree of
serpentinization from Vp alone. Therefore, the ratio of P-wave velocity to S-wave velocity (Vp/Vs) is
sometimes used as an indicator to distinguish between mantle serpentinites and crustal rocks
(Christensen, 2004; Grevemeyer et al., 2018b; Horen et al., 1996; Wang et al., 2022b). Highly
serpentinized peridotites (~30-40% or more) have Vp/Vs greater than 1.9, and Vp/Vs = 1.8-2.2
serpentinites can be distinguished from crustal rocks (Vp/Vs = 1.75-1.85) (Christensen, 2004; Horen et
al., 1996). For these reasons, Vp/Vs is sometimes used as an indicator to assess the degree of
serpentinization (Grevemeyer et al., 2018b). However, for technical reasons, it is not suitable for

recording S-waves. Therefore, observations of Vp/Vs are not common.



1.3.2. Locations and degree of serpentinization of oceanic lithosphere

Seismic tomography observations suggest that serpentinization reactions occur mainly at: (1) near the
central ridge of the seafloor (Mark et al., 2023), (2) bending faults of the outer rise region of the trench
(Fujie et al., 2013; Grevemeyer et al., 2018b; Ranero et al., 2003; Van Avendonk ef al., 2011), (3) ultra-
slow to slow spreading ridge axes (Grevemeyer et al., 2018a), (4) transform faults (Riipke and
Hasenclever, 2017; Wang et al., 2022b), (5) detachment faults (Tao ef al., 2020), and (6) subducting
oceanic plate (Merdith ef al., 2023). Numerical simulations (Hasenclever et al., 2014) and petrological
observations of ophiolites (Bosch et al., 2004; Boudier et al., 2005) suggest that hydrothermal fluid flow
is also present at some distance from the ridge axis in the fast-spreading oceanic lithosphere.
Geochemical signatures of hydrothermal vent fluids and a numerical simulation of hydrothermal
circulation suggest that hydrothermal fluids may circulate along faults to depths of ~10 km near the slow
spreading ridge axis (Tao et al., 2020). Therefore, serpentinization may be occurring at greater depths
than observed, but the actual nature of this process is not known.

The degree of serpentinization of oceanic lithosphere is controlled by tectonic factors (e.g.,
formation of detachment faults at the seafloor and bending faults near subduction zones), age,
temperature, spreading rate, and sedimentation (Grevemeyer et al., 2007; Lefeldt and Grevemeyer,
2008; Ranero et al., 2005; Ranero and Sallarés, 2004). The Pacific Plate, an example of an oceanic
lithosphere formed on a fast-spreading axis, is thought to be serpentinized by 10-20% of the mantle in
the case of the coolest and oldest Mariana Trench (150 Ma) and Kuril Trench (130 Ma) (Cai et al., 2018;
Fujie et al., 2013; Mark et al., 2023). In the Chilean Trench, plates of different ages are subducted at
different locations (0 Ma at 46 °S and 50 Ma at 18 °S; Contreras-Reyes and Osses, 2010). At 45-46 °S
in the Chilean Trench where the young age (~6 Ma) of plates are subducting (Scherwath et al. 2009),
the subducting oceanic plates do not show serpentinization trends. At ~46.5 °S of the Chile Trench,
where the slightly older 18.5 - 10 Ma oceanic plate is subducting, the oceanic mantle is estimated to
be 0-9% serpentinized (Contreras-Reyes et al., 2008). In the Nicaragua Rift, where the ~24 Ma Cocos
Plate is subducting, 3-4 km of the upper mantle is serpentinized up to 24% (Ivandic et al., 2010). In the
coolest and oldest Mariana Trench (150 Ma) and Kuril Trench (130 Ma), the mantle is serpentinized up
to 10-20% (Mark et al., 2023; Cai et al., 2018; Fujie et al., 2013). The serpentinization reactions are can
occur along subducting plate bending faults (Mark et al., 2023; Cai et al., 2018; Fujie et al., 2013;
Contreras-Reyes et al., 2007).

In the case of slow-spreading axes, the crust is discontinuous and thin, resulting in mantle rock
exposure and a high degree of serpentinization at depths of 2-4 km (Grevemeyer et al., 2018b).
Schlindwein & Schmid (2016) show that seismic observations from the Mid-Cayman Spreading Center
in the Caribbean, a slow spreading ridge axis, indicate that mantle rocks are serpentinized as far as 30
km below the seafloor (Schlindwein and Schmid, 2016). However, reanalysis suggests that the
serpentinization reaction did not proceed to that depth (Grevemeyer et al., 2019). If serpentinization is

a continuous process on the seafloor, then the thickness of layer 3 in the seismic velocity structure should
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increase with plate age. However, no reliable observations have been reported showing that the thickness
of the third layer increases with age due to the progress of serpentinization reactions. Several studies in
the 1970s reported that the thickness of the oceanic crust increases with age (Christensen and Salisbury,
1975; Goslin et al., 1972; Lewis and Snydsman, 1979). However, subsequent re-analysis showed that
the increase in the layer 3 thickness was an artifact of the data processing (McClain and Atallah, 1986).
In addition, crustal thickness is also thought to be related not only to age but also to other factors such
as mantle temperature (Grevemeyer et al., 2018). Thus, the analysis of the seismic velocity structure can
lead to different conclusions depending on the data processing. In addition, the resolution of seafloor
seismic tomography is a few hundred meters, which does not provide detailed geological structures
(Cannat et al., 2010). P-waves also vary with factors such as porosity, structure and temperature, making

their interpretation even more complex.
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1.4. Temperature-Pressure condition and Kinetics of serpentinization

A combination of natural sample observations, experimental studies, and theoretical modeling
is important to understand the rate and spatial extent of the serpentinization. The type of products and
extent of serpentinization controlled by the availability of water and the chemistry of the starting mineral
and solution. Factors controlling the serpentinization are temperature and pressure conditions,
availability of water, and chemistry of starting minerals and solution. The temperature and pressure
conditions of naturally occurring serpentinization reactions have been estimated based on the results of
laboratory experiments and analyses using oxygen isotopes. In addition, water supply is necessary for
the serpentinization reaction to proceed, and the formation of cracks is important to make fluid pathways.
The following sections review previous studies focusing on the temperature-pressure state and kinetics
of serpentinization based on natural sample observations, laboratory experiments, and theoretical

modeling.

1.4.1. Variety of serpentine minerals in natural samples

Several types of serpentine minerals are observed in natural serpentinites. The type of
serpentine mineral is basically thought to reflect the formation temperature, pressure, chemical
composition of the solution, and other factors. Therefore, a classification of serpentine mineral types is
sometimes useful for a rough estimate of the formation conditions. Three main types of serpentines
occur naturally: lizardite, chrysotile, and antigorite (Fig. 1.4). In addition, polygonal serpentine and
polyhedral serpentine can be distinguished (Andreani et al., 2008). However, polygonal serpentine and
polyhedral serpentine contain structures similar to both lizardite and chrysotile, making them difficult
to distinguish them from lizardite and chrysotile (Andreani et al., 2008; Enju et al., 2023). Serpentine is
composed of a variety of crystal structures, depending on the way of the assemble of the base polyhedra.
Lizardite is characterized by flat layers, chrysotile by curled layers, antigorite by alternating wavy layers,
and polygonal serpentine by flat kinked layers. The curling of chrysotile is caused by elastic strain due
to a mismatch in the lattice constants of the T and O sheets (Demichelis et al., 2016). Antigorite is
slightly richer in silica than lizardite and chrysotile, because they have slightly different chemical
compositions. Thus, antigorite is classified as a serpentine mineral group, but it is not a polymorph of
lizardite and chrysotile (Wunder et al., 2001). This difference in chemical composition is due to the
wavy crystal structure characteristic of antigorite.

Antigorite is commonly observed in metamorphic bodies that experienced a subducting slab
or mantle wedge environment at subduction zones with maximum metamorphic temperatures and
temperatures between 300-640 °C, 0.6-2.2 GPa (Auzende et al., 2002; Hermann et al., 2000; Hirauchi
et al., 2021; MORI et al., 2019; Okamoto et al., 2021; Padron-Navarta et al., 2012; Schwartz et al.,
2013; Tulley et al., 2022). Antigorite has also been found in dredging and drilling samples from the

seafloor, although it is relatively rare compared to the occurrence of lizardite/chrysotile (Murata et al.,
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2009; Rouméjon et al., 2019). The conditions for antigorite formation on the seafloor are controversial.
Serpentinized peridotite with antigorite crystals growing to cut lizardite/chrysotile veins has been found
in samples from the Mariana Forearc, and the complex process of serpentinized peridotite in shallow
mantle wedges moving to depth and precipitating antigorite with increasing temperature and then
returning to the surface is thought to record a complex process of crustal deformation (Murata et al.,
2009). Such a complex formation path may be caused by the transport of subducted serpentinite to the
surface by ascending serpentinite diapirs in the Mariana Forearc (Mackawa et al., 2004). On the other
hand, antigorite veins associated with talc in drilling samples from Hess Deep (East Pacific Rise) and
Atlantis Massif (Mid-Atlantic Ridge, 30 °N) and dredge samples from the Southwest Indian Ridge (62 °-
65 °E) are thought to have been formed by the addition of silica and as a result of recrystallization from
lizardite/chrysotile due to the influx of Si-rich fluids, rather than by temperature and pressure increases
(Rouméjon et al., 2019).

Chrysotile is a nanotube-shaped serpentine with an outer diameter of 22-27 nm and an inner
diameter of 7-10 nm (Belluso et al., 2017; Whittaker, 1957). It is often produced mainly in veins in the
last stage of serpentinization reactions (Andreani ef al., 2007; Rouméjon et al., 2019) and is poor in Al
and Fe*" (Andreani et al., 2007; Guillot et al., 2015b; O’Hanley and Dyar, 1998). It also often occurs
with lizardite (Capitani ef al., 2021; Viti and Mellini, 1998), antigorite (Auzende ef al., 2002; Viti and
Mellini, 1998), and polygonal serpentine (Andreani et al., 2007; Tarling et al., 2018, 2021).

Lizardite predominantly comprise serpentine in seafloor dredge and ocean drilling samples
and ophiolites, often occurring with chrysotile and polygonal serpentine (Andreani ef al., 2013; Aupart
etal.,2021; Bach et al., 2006; Hopkinson et al., 2004; Klein et al., 2014; Oufi et al., 2002; Schwartz et
al.,2013). Based on oxygen isotope ratios, formation temperature of lizardite are estimated to be around
120-270 °C (Klein et al., 2014). The formation pressure is not well constrained but is thought to be less
than 400 MPa (Schwartz ef al., 2013).

Polygonal serpentine has a crystal structure of a tubular shape with polygonal cross section, it
can be larger than chrysotile with an outer diameter of >100 nm. It forms in relatively low temperature
environments (T < 200-300 °C) and is thought to require open space and trivalent cations such as AI**
for its formation (Andreani ef al., 2008). They may also occur with chrysotile veins in the later stages
of serpentinization reactions (Andreani et al., 2007; Tarling et al., 2018, 2021).

As introduced so far, a diversity of serpentine minerals is observed in the natural samples. As
described next, experimental studies have been conducted under various starting materials, solution
compositions, and pressure-temperature conditions to investigate the factors controlling the

serpentinization reaction.
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Fig. 1.4. TEM images of serpentine minerals. (A) Blade shape antigorite crystals (Ribeiro Da Costa et al., 2008),
(B) Chrysotile (Yada, 1971), (C) Lizardite with chrysotile and polygonal serpentine (Capitani et al., 2021).

1.4.2. Experimental studies on serpentinization

Serpentine minerals are stable under a wide range of temperature and pressure conditions. Laboratory
experiments at various temperature and pressure conditions have shown that different types of serpentine
form under different temperature and pressure conditions (Lafay et al., 2012; Malvoisin et al., 2012a;
Marecaillou et al., 2011; McCollom et al., 2020; Nakatani and Nakamura, 2016, 2019; Normand et al.,
2002; Ogasawara et al., 2013; Okamoto ef al., 2011; Oyanagi et al., 2018, 2020; Seyfried et al., 2007,
Seyfried and Dibble, 1980; Wunder et al., 2001; Wunder and Schreyer, 1997; Yada and lishi, 1977). Fig.
1.5. shows compile plot of the types of serpentines produced by the laboratory experiments under
various pressure-temperature conditions. Antigorite is formed at temperature of 350-650 °C and pressure
of 0.5 - 5.0 GPa. Lizardite is formed at temperature of 230-400 °C and pressure of 2.8 MPa - 1.3 GPa.
Al-rich serpentine forms when starting material contains Al-rich minerals (Oyanagi et al., 2018). At
high-temperature and high-pressure conditions (500-580 °C, 1.3 GPa), orthopyroxene predominantly
replaces Al-rich lizardite (Al,O3 = ~10 wt. %) rather than olivine (Nakatani and Nakamura, 2019).
Chrysotile is formed at pressure-temperature condition covering the antigorite and lizardite forming
condition (temperature pressure: 150-600 °C, 0.5 MPa - 5.0 GPa). Chrysotile occurs over the antigorite
and lizardite temperature-pressure ranges and is can found with these minerals (formation temperature
and pressure: 150-600 °C, 0.5 MPa - 5.0 GPa). In low-temperature condition, chrysotile predominantly
precipitates than lizardite when solutions with high pH are used (Lafay ef al., 2018; Yada and lishi,
1977) or when the small particle size (~5 um) (Malvoisin et al., 2012a). High pH alkaline solutions
decrease the rate of olivine dissolution (Oeclkers et al., 2018), but also decrease the solubility of
serpentine, so that the solution approaches serpentine saturation (Wimpenny et al., 2010). In the case of
smaller grain sizes, the solution becomes supersaturated due to the higher rate of olivine dissolution
(Malvoisin et al., 2012a). Based on these facts, chrysotile is considered to precipitate predominantly at
higher supersaturation than lizardite (Malvoisin ef al., 2012a; Normand et al., 2002).

Taken together, these experimental results indicate that lizardite forms at lower temperatures

than antigorite. Chrysotile can form together with antigorite and lizardite. These results support the
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hypothesis of Evans (2004) that chrysotile may be a metastable phase. The tendency for antigorite to
form at higher temperatures and pressures than lizardite is consistent with laboratory experiments and
natural samples. Integrating the results of laboratory experiments and natural samples, lizardite forms
predominantly at temperatures and pressures of 120-400 °C, <0.4 GPa; increasing Al content may extend
the stability region of lizardite (Caruso and Chernosky, 1979). Antigorite forms at temperature and
pressure conditions of 300-640 °C, 0.6 - 2.2 GPa. Chrysotile is a possible metastable phase and may

form over the temperature and pressure conditions of lizardite and antigorite.
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Fig. 1.5. Serpentine minerals produced in experimental studies under various pressure-temperature (PT) conditions
(Lafay et al., 2012; Malvoisin et al., 2012a; Marcaillou et al., 2011; Nakatani and Nakamura, 2016, 2019; Normand
et al., 2002; Ogasawara et al., 2013; Okamoto et al., 2011; Oyanagi et al., 2018, 2020; Seyfried et al., 2007;
Seyfried and Dibble, 1980; Wunder ef al., 2001; Wunder and Schreyer, 1997; Yada and Iishi, 1977). The plots
show antigorite (red circle), chrysotile (asterisk), lizardite (blue box), and Al-rich lizardite (diamond). The regions
colored in light gray, yellow, dark gray, and blue show antigorite, chrysotile, lizardite, and Al-rich lizardite,
respectively. Chrysotile is widely produced across wide PT conditions of lizardite and antigorite. Al-rich lizardite

is produced with Al-rich mineral (e.g. plagioclase) or by replacing orthopyroxene at high PT conditions (Nakatani
and Nakamura, 2016, 2019).
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1.4.3. Reaction kinetics of serpentinization

Previous studies on reaction rates and rate-limiting processes of serpentinization reactions are reviewed.
The reaction rate of serpentinization has been studied in detain by hydrothermal experiments using
powdered olivine + pyroxene at temperatures of ~200-300 °C. Olivine has a faster reaction rate than
pyroxene at temperatures of ~200-300 °C (Andreani ef al., 2007; Coleman and Keith, 1971; Klein et al.,
2013; Martin and Fyfe, 1970; Mével, 2003), but at higher temperatures > ~400 °C, pyroxene is
predominantly serpentinized than olivine (Nakatani and Nakamura, 2016, 2019). Serpentinization
reactions exhibit a bell-shaped temperature dependence with maximum reaction rates around 250-
300 °C (Fig. 1.6) (Malvoisin et al., 2012a; Martin and Fyfe, 1970; Wegner and Ernst, 1983). The reaction
rate of antigorite, which is thought to form at higher temperatures, has not been well studied due to

experimental difficulties.

100
90 A
80 A

Conversion (%)
— N W B (S e)] ~
o o o O o O O
l | 1 1 | ] |

LINLENL I I N N O OO

0 : | | :
100 200 300 400
Temperature (°C)

Fig. 1.6. Experimental conversion (%) versus temperature for the olivine-H,O hydration reaction (After Martin
and Fyfe., 1970; Wegner and Ernst., 1983).

The rate-limiting step of the serpentinization reaction and the type of serpentine mienral produced in
hydrothermal experiments using olivine powder depend on the grain size of the starting material
(Malvoisin et al., 2012a). When the grain size is relatively large (5-150 um), the rate-limiting step is the
dissolution of olivine, and lizardite is mainly produced. On the other hand, if the grain size is small (<
5 um) and the reaction surface area is large, the rate-limiting step is the precipitation reaction of
serpentine. In addition, chrysotile is formed instead of lizardite.

Serpentinization is a water consuming reaction. Therefore, the reaction requires continuous
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water supply. The results of several hydrothermal experiments show that the rate of serpentinization is
limited more by the water supply than by the rate of olivine dissolution or the rate of serpentine
precipitation. Hydrothermal experiments (300°C, 8.6 MPa) using powdered olivine with a grain size of
50-63 um showed ~80% reaction in ~2000-12000 hours (Malvoisin et al., 2012a). On the other hand,
hydrothermal experiments using solid samples, which are more realistic to the natural conditions, show
that the reaction rate is ~30-100 times slower than the experiment using powdered olivine.
Hydrothermal experiments using fresh olivine (dunite, harzburgite) core samples ~7 mm in diameter
and ~4 mm in height (300 °C, 35 MPa) showed reactions of 1.8-5.5% in 7680-13176 hours (Klein and
Le Roux, 2020). Hydrothermal experiments with sintered olivine aggregate with porosity of 1-10%
(300°C, 0.5 MPa) showed that for ~1% porosity, 1.6% reaction required 1652 hours and for ~10%
porosity, 2.7% reaction required 6956 hours (Malvoisin and Brunet, 2014). The lower reaction rate
compared to experiments with powder samples is due to limited water availability and smaller reaction
surface area (Klein and Le Roux, 2020; Malvoisin and Brunet, 2014). In addition, Silica activity during
the reaction is also an important factor in the serpentinization reaction. Results of hydrothermal
experiments using olivine and silica-rich minerals suggest that silica supply promotes serpentinization
of olivine (Ogasawara et al., 2013). In summary, serpentinization reaction mainly controlled by (1)

temperature, (2) water supply, and (3) silica activity.
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1.4.4. Volume change and formation of the fluid pathways

Faults, which are large-scale fluid flow pathways on the kilometer scale, are formed by tectonic
processes (Buck et al., 2005; Tauzin et al., 2017; Tucholke and Lin, 1994). Normal faults near the ridge
axis (de Martin et al., 2007; Zihlmann et al., 2018), transform faults (Frith-Green et al., 2003), and
bending faults in the outer ridge region (Faccenda et al., 2009; Hatakeyama et al., 2017; Ranero et al.,
2003) allow fluid supply to the deeper parts of the oceanic lithosphere. On the other hand, it has been
suggested that micrometer-scale crack (microcrack) networks may be important for pervasive and
homogeneous serpentinization (Boudier et al., 2005; Jamtveit et al., 2008; Malvoisin et al., 2017,
Plimper et al., 2012; Rouméjon et al., 2014). These microcracks are thought to be formed by the
following factors: (1) thermal stresses associated with slow cooling (Boudier et al., 2005; Cooper and
Simmons, 1977; Nicolas, 2003), (2) tectonic stress (Kranz, 1983), and (3) reaction-induced stress
(Jamtveit et al., 2008; Kelemen and Hirth, 2012), or a combination of these processes (Roumejion and
Cannat., 2014). However, it is not obvious which of these crack formation mechanisms is most
predominant.

Serpentinization is a dynamic process resulting from a complex interaction of fracturing, fluid
flow, and chemical reactions. Mass balance calculations indicate that serpentinization is not
accompanied by mass transport of major elements, suggesting that the increase in solid phase volume
occurs before and after the reaction (Mével, 2003). Volume changes in serpentinization reactions can
cause topographic changes and fault activation (de Martin et al., 2007; Germanovich et al., 2012).
Evidence of volumetric change can be observed in the rock microstructures at various scales.
Micrometer- to centimeter-scale mesh textures are commonly observed in partially serpentinized
peridotites (Fig. 1.7) (Jamtveit and Austrheim, 2010; Pliimper et al., 2012). Hierarchical fracture patterns
(Iyer et al., 2008) and "Frankenstein" cracks (Evans ef al., 2020) are also be observed in the outcrops.
Such geometric patterns are thought to be caused by local stresses resulting from volume changes in the
solid phase during mineral hydration reactions (Jamtveit ez al., 2000, 2009; Malthe-Serenssen et al.,
2006; Malvoisin et al., 2017; Okamoto and Shimizu, 2015; Uno et al., 2022; Zheng et al., 2018).
Reaction Gibbs energy of the reaction is the driving force for the crack formation associated with the
volume change of the reaction. The pressure maximum due to crystallization can be written using the

reaction Gibbs energy (AG,) and solid phase volume change (AV;) as (Kelemen and Hirth, 2012).

P = AG (1.1)
= _

The theoretical estimate of the maximum reaction-induced stresses from olivine serpentinization reaches
a few hundred MPa to a few GPa, which sufficient to produce cracks in rocks under several kilometers
to tens of kilometers underground (Kelemen and Hirth, 2012; Malvoisin et al., 2017). Recently, it is

reported that gigapascal level local stress induced by hydration reactions with increasing volume have
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been found in natural samples (Plimper et al., 2022). Crack formation promotes reaction progress
because it increases the reaction surface area and provides new fluid flow pathways (Kelemen and Hirth,
2012; Okamoto and Shimizu, 2015; Pliimper et al., 2012). Such reaction-driven fracturing is likely to
occur when reaction rates are fast relative to mass transfer (Shimizu and Okamoto, 2016) and stress
relaxation (Falk and Kelemen, 2015). On the other hand, for volume-increasing reactions, including
serpentinization reactions, the reaction may cause fracture closure due to volume increase. Thus, it is
generally difficult to predict whether these opposing effects will accelerate or inhibit the progress of the

reaction.

A

Fig. 1.7. Geometric patterns in serpentinites. Centimeter scale of mesh like texture in serpentinized peridotite from
the Mid-Atlantic Ridge (Jamtveit & Austrheim, 2010) (A) and Oman ophiolite (Photo taken January 2023) (B).
(C) Micrometer scale mesh texture in partly serpentinized peridotite from the Leka ophiolite complex (Jamtvein
& Austrheim, 2010; Iyer et al., 2008). (C) “Frankenstein” texture developed in partly serpentinized peridotite from
the Oman ophiolite (Evans et al., 2020).
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1.4.5. Numerical modeling

Several studies (Evans et al., 2020; Jamtveit et al., 2008; Kuleci et al., 2017, Okamoto and Shimizu,
2015; Reyne et al., 2008; Ulven et al., 2014) have used mechanochemical modeling to investigate the
complex behavior caused by hydrous reactions. Numerical simulations can reproduce the mesh-like
texture found in natural serpentinites (Fig. 1.8A). Jamtveit et al. (2008) and Kuleci et al., (2017) show
reactive mineral generate radial cracks in the surrounding non-reactive mineral (Fig. 1.8B), which
similar to the natural sample observations (Jamtveit ef al., 2008) and laboratory experiment (Zheng et
al., 2018). However, the effect of crack closure due to stress is not considered in these numerical
simulations. In these numerical simulations, fluid flow is treated as diffusion reduction or assumed to
be a function of porosity in these numerical simulations. In order to consider the effect of crack closure
by local stress change, Okamoto and Shimizu developed a 2-D DEM model that considers advection.

This code is also used in this study.

A

Reaction ratio (%)

Fig. 1.8. Numerical simulations conduced in previous studies. (a)Mesh-like texture developed during volume
increasing reaction (Okamoto and Shimizu, 2015). (b)Radial cracks produced in surrounding non-reactive
materials (Kuleci et al., 2017).

1.4.6. Hydrogen production during serpentinization

As mentioned at the beginning (1.1. Significance of serpentinization), hydrogen production
during serpentinization reaction plays an essential role in the deep biosphere and in early life on Earth.
In the serpentinization reaction, hydrogen is produced by the reduction of water when Fe?* released into
solution by the dissolution of primary minerals is oxidized to Fe*". The reduction of water by the

oxidation of Fe*" can be written as follows:

2Fe?* + 2H,0 = 2Fe3* + 20H™ + H, (R1.3)
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Since the Fe** produced during this process is incorporated into secondary minerals such as serpentine
and magnetite, the amount of hydrogen produced can be estimated by examining the amount of Fe**
contained in these minerals. The partitioning of iron determines the amount of hydrogen produced by
serpentinization reactions into the product minerals and the redox states. Serpentinization reactions
produce mainly serpentine, brucite, magnetite, and talc; in the absence of addition or removal of
elements except H,O and SiO, .4, the serpentinization reaction in the Mg-Fe-H>O-SiO, system can be

written as follows:

(Mg, Fe**),Si0, [Olivine] + tH,0 [water] + uSi0; 54
= v(Mg, Fe?*, Fe3*),(Si, Fe3%),05(0OH), [serpentine]
+ w(Mg, Fe?*)(0H), [brucite] + xFe?*Fe3*,0, [magnetite]
+ y(Mg, Fe?*);Si, 0,0 (0H), [talc] + zH, [hydrogen] (R1.4)

The amount ratio and composition of each mineral varies depending on numerous factors such as

temperature, pressure, silica concentration, and water-rock ratio (Fig. 1.9) (Klein et al., 2009).

Peridotite Serpentinite
Fe(ll) el
Olivine W— Serpentine
Pyroxene ¥y Brucite

Talc
Magnetite

Spinel

&,

FeO + H,0 =Fe,0, + H, fﬂefpe”ﬁ"e -
agnetite

Fig. 1.9. Partitioning of iron in serpentinization reaction.

Serpentine and magnetite are key mineral for the hydrogen production. Serpentine and
magnetite are the major Fe**-bearing minerals, and the amount of these minerals determines the amount
of hydrogen produced. Several studies have emphasized the importance of magnetite in hydrogen
production during serpentinization (Bach e al., 2006; Beard et al., 2009; Katayama et al., 2010;
Malvoisin et al., 2012b). On the other hand, it has been focused that serpentine also contains Fe**
(Andreani et al., 2013; Klein et al., 2009). The Fe*" in serpentine is important for hydrogen production
under conditions where magnetite does not form (Klein ez al., 2014). However, it is not completely
known redox state of iron in serpentine minerals. The formation of magnetite and serpentine is controlled
by temperature and silica activity (Klein et a/., 2009). Based on a natural sample observation, Katayama
et al. (2010) suggest that magnetite is formed under low silica activity (Katayama et al., 2010). This is

consistent with the absence of magnetite around orthopyroxene in experiments at 250 °C, 3.98 MPa in
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the olivine+orthopyroxene-H,O system (Ogasawara et al., 2013; Okamoto ef al., 2011; Oyanagi et al.,
2018). The fact that the presence of several Fe**-bearing minerals, such as serpentine and magnetite, and
their mass ratios vary depending on a variety of factors makes it difficult to understand hydrogen
production during serpentinization. Thus, despite the many vigorous works of laboratory experiments
(McCollom et al., 2016, 2020, 2022) and thermodynamic modeling (Klein et al., 2009; McCollom et
al., 2022; McCollom and Bach, 2009), hydrogen production and Fe** partitioning into serpentine and
magnetite are not fully understood. Hydrogen production during serpentinization is often discussed in
terms of the redox state of iron and magnetite as determined by bulk rock analysis (Albers ef al., 2021,
Evans, 2008; Oufi ef al., 2002). This is because it is generally difficult to measure the local redox state
of iron. The problem with bulk rock analysis is that it is difficult to know where (which mineral) Fe**
iron is contained. It is also difficult to avoid the influence of weathered minerals, which can lead to
overestimation of hydrogen production. The Fe** content in magnetite is determined stoichiometrically,
serpentine has several end members and can have a variety of iron redox states. Because bulk analysis
cannot examine the redox state of each mineral separately, it is not well understood how much Fe**
serpentinite contains and what factors control the Fe**/ZFe of serpentine.

The main factors controlling magnetite formation are (1) serpentinization temperature and (2)
silica activity. With respect to magnetite formation processes, Klein et al. (2014) found that serpentinites
formed above ~200 °C are enriched in magnetite based on temperatures derived from oxygen isotopic
compositions of oceanic serpentinite samples collected at different locations(Klein et al., 2014). In
contrast, serpentinites formed below ~200 °C are enriched in Fe-rich brucite rather than magnetite. This
result is consistent with low temperature (200 °C, 0.5 MPa) hydrothermal experiments on peridotite that
produced Fe-rich serpentine (Xmg=0.93, Xm=Mg>"/(Mg*+Fe?"), where Mg?" and Fe*" are in atoms per
formula unit (a.p.f.u.)) and Fe-rich brucite (Xmg=0.68) with only trace amounts of magnetite (Seyfried
et al., 2007). Ferrous iron in Fe-rich brucite does not contribute to hydrogen production in the
serpentinization reaction. Therefore, the formation of iron-rich brucite consumes available iron for water
reduction and reduces the amount of hydrogen production (McCollom and Bach, 2009). On the other
hand, Fe-rich brucite may be important for the formation of magnetite in the late stages of the
serpentinization reaction. Several petrographic and experimental studies on natural serpentinites
proposed a two-step reaction in which metastable Fe-rich brucite formed in the early stages of
serpentinization is destabilized by increased silica activity associated with progressive serpentinization
to form magnetite (Bach et al., 2006; Frost et al., 2013; Miyoshi et al., 2014; Schwarzenbach et al.,
2016; Seyfried et al., 2007). Such magnetite formation by brucite decomposition may be sufficient to
maintain a microbial community (Templeton and Ellison, 2020).

At low temperatures or high silica activity conditions, where magnetite is less to form, Fe*'-
bearing serpentine may play an important role in hydrogen production (Andreani et al., 2013). However,
it is not well understood what factors control the partitioning of Fe*" into serpentine minerals. Fe** is
known to enter both tetrahedral (R3"«<>R?"Si*") and octahedral (R?*;<>0R*",, where “0” is vacancy)

sites in serpentine (Evans, 2008; O’Hanley and Dyar, 1993, 1998). There are two Fe-endmembers of
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serpentine are hisingerite (0Fe*2Si,05(OH)4) and cronstedite (Fe?*">Fe*,SiOs(OH)s). hisingerite
contains Fe** in the octahedral site (Eggleton, 1998; Tutolo and Tosca, 2023), and Cronsitedite contains
Fe? and Fe** in the octahedral site and Fe®" in the tetrahedral site (Hybler et al., 2002). Mossbauer
spectroscopic studies of lizardite, chrysotile, and antigorite from different locations have shown that the
ferric iron to total iron ratio (Fe**/ZFe) and the ferric iron in tetrahedral site to total ferric iron ratio
(MFe**/ZFe*") in serpentine varies with serpentine type (O’Hanley and Dyar, 1993; Reynard et al., 2022).
Lizardite has a wide range of Fe*'/ZFe molar ratio of 0.67 £ 0.17, which is higher than the Fe**/Fe of
antigorite (0.23 £+ 0.10) and chrysotile (0.34 + 0.12). The silica and alumina potentials may control the
large variations of Fe**/ZFe in lizardite (Reynard et al., 2022). The amount of Fe** in the tetrahedral site
(WFe**/ZFe*) in lizardite has a wide range of values from 25-63% (Klein et al., 2009; O’Hanley and
Dyar, 1993), compared to chrysotile ((Fe**/ZFe**=38-44%). Antigorite does not contain Fe** in the
tetrahedral site (Mellini et al., 2002). This may be due to the smaller size of the tetrahedral structure in
antigorite compared to lizardite (Mellini et al., 2002). Hydrothermal experiments have also shown that
Fe** at the tetrahedral sites in lizardite is negligible in the early stages of serpentinization, but as the
reaction progresses, Fe*" is distributed to the tetrahedral sites and eventually ~15% of the total Fe*" in
lizardite is contained in the tetrahedral site (Marcaillou et al., 2011). These results suggest that Fe>*/ZFe
may be controlled by the crystal structure and chemistry of serpentine minerals.

Thermodynamic modeling is a powerful tool for estimating mineral compositions and
abundance ratios in the water-rock reactions over a wide range of temperature and pressure conditions
(Klein et al., 2009, 2013; McCollom and Bach, 2009). Current thermodynamic calculations assume a
solid solution model of chrysotile (Mg3;Si»Os(OH)4) — greenalite (FesSi2Os(OH)s) - cronstedite
(Fe*",Fe*",Si05(0OH)4) or hisingerite (Fe*"S105(OH)4) for serpentine. However, the thermodynamic
properties of the of cronstedtite and hisingerite (Fe*" endmembers of serpentine), and Fe-endmember of
brucite have not been experimentally measured and various values have been estimated by different
models (Blanc ef al., 2015; Klein et al., 2009, 2013; Tutolo et al., 2019; Zolotov, 2014). Therefore,
analysis of natural samples and laboratory experiments is necessary to confirm the reliability of the
thermodynamic models. In natural serpentinization reactions, the temperature and pressure conditions,
water to rock (W/R) ratios are vary with time. In addition, effect of spatial distribution of primary
minerals is almost unknown. The amount of hydrogen production is expected to vary because of the
associated changes in the minerals produced in the serpentinization reaction (Andreani et al., 2013;
Klein et al., 2009).
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1.5. Purpose and structure of the dissertation

Understanding the nature of serpentinization reactions in oceanic lithospheres is limited by the difficulty
of direct drilling of deep part of the oceanic lithosphere. In addition, dredge samples of the seafloor and
field observation of ophiolite provide a valuable information for unraveling the serpentinization process
of the oceanic lithosphere, but the serpentinization image that can be obtained is fragmentary. In addition,
the complexity arising from the coupled mechanical, mass transport, and chemical reactions in
serpentinization reactions complicates our understanding of the process (Fig. 1.10). No studies have
linked hydrogen production to the reaction-fracturing-fluid flow interactions in serpentinization
reactions.

This study aims to reveal the effect of interaction of the fluid flow, reaction, and fracturing on
the serpentinization in oceanic lithosphere on reaction progress and hydrogen production. This study
will provide bulk-rock and local analyses and detailed descriptions of the Oman ophiolite, including the
redox state of iron, using continuous drilling samples from the lower crust - upper mantle. These
comprehensive analyses will provide new data on the spatial distribution and nature of serpentinization
reactions over hundreds of meters in the lower crust - upper mantle. In addition, numerical simulations
and thermodynamic calculations will be used to understand the serpentinization mechanisms and
processes occurring in natural samples. This will provide a new perspective linking micro-scale
processes with the macroscopic picture of serpentinization. These results will provide a new picture of
the serpentinization reaction, in which hydrogen evolution proceeds in a dynamically changing process

through the reaction-fracture-fluid transfer interaction of the serpentinization reaction.
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Fig. 1.10. Coupled fluid flow, reaction, fracturing during serpentinization.
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This study consists of seven chapters (Fig. 1.11). In Chapter 1 provides comprehensive review of
previous studies about serpentinization in the oceanic lithosphere and described the significance of
serpentinization. It also explains the limitations and remaining problems of previous studies and the
objectives of this study.

Chapter 2 provides new data on whole-rock analysis, rock texture observation, and mineral
composition analysis for a series of drill samples from the lower crust to upper mantle of the Oman
ophiolite. Comprehensive analysis focusing on serpentinization reactions will reveal the depth-
dependent spatial distribution of serpentinization in the lower crust-upper mantle and its relationship to
rock texture. This will contribute to our understanding of the nature of serpentinization in the lower
crust-upper mantle. Following Chapters 3 through 5 focus on the processes and mechanisms of
serpentinization reactions based on the observations of natural samples in Chapter 2.

Chapter 3 focuses on the mechanism of microscale crack formation based on observations of
natural samples and numerical simulations. Discussion integrates observations of natural samples and
numerical simulations to explore what factors contribute to crack formation and fluid flow in the oceanic
lower crust.

Chapter 4 focuses on the serpentine vein network to investigate fluid activity flowing through
the macroscopic fracture network. Focusing on the serpentine veins and related texture, I conducted
more detailed observations from the sub-micrometer scale to the nanometer scale using scanning
electron microscopy and transmission electron microscopy. The mechanism of localized water-rock
reactions occurring in serpentinite is revealed from the results of these multiscale observations.
Timescales of fluid flow and fluid flux through the fracture network were estimated based on the
observations, thermodynamic calculations and simple mass transfer models.

Chapter 5 focuses on the hydrogen production process in the serpentinization reaction. By
combining bulk analysis with in-situ analytical techniques using synchrotron radiation X-ray
spectroscopy, the redox state of iron and its distribution over the scale of several hundred meters to
micrometers was revealed. This provides a spatial distribution of the hydrogen production potential in
the lower crust to upper mantle. Thermodynamic calculations was used to discuss the factors controlling
hydrogen production during serpentinization.

In Chapter 6, I integrate the results obtained and discusses how reaction-fracture-fluid
interactions affect the progression of reactions and hydrogen production during serpentinization of

oceanic lithospheres. Chapter 7 is the conclusions.
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Chapter 2 : Geology and petrology of the Oman Ophiolite
Natural sample observation of the lower crust to upper mantle

Process and Mechanism ‘

Chapter 3 : Enhanced reaction process in the lower crust by the reaction-induced stress
Microfracture formation mechanism

Chapter 4 : Fluid flow in through fracture network in serpentinites
Time scale and fluid flux through macroscopic fracture network

Chapter 5 : Hydrogen production during serpentinization of the lower crust to upper mantle
Hydrogen production potential in the lower crust to upper mantle

Integrated discussion '

Chapter 6 : Reaction-fracturing-fluid flow interactions on hydrogen production
Evolution of the hydrogen production in the oceanic lithosphere

Fig. 1.11. Structure of this thesis.
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Chapter 2: Geology and petrology of the Oman Ophiolite

2.1. Introduction

The Oman Ophiolite in the Middle East is the largest ophiolite in the world and is an attractive
site for studying water-rock interaction in the oceanic lithosphere because of its well-preserved
lithological stratigraphy. However, the ophiolite formation experiences a variety of tectonic settings as
they move from the ocean floor to obduction onto the continental crust (Hacker, 1994; Michard et al.,
1991). Thus, the rocks in the ophiolite should be recorded several events of fluid activity at different
stages. The water-rock interaction at different settings is recorded in the rocks as altered minerals.
Alteration at various temperatures near the ridge axis, including very high (VHT; 900-1000 °C), high
(HT; 550-900 °C), medium to low (LT; <500 °C) temperatures, has been recorded in the crustal and
mantle rocks of the Oman Ophiolite (Bosch et al., 2004; Nicolas, 2003; Zhang ef al., 2021). LT alteration,
characterized by serpentinization of olivine with mesh texture formation, which is observed in the lower
crust to upper mantle section (Aupart et al., 2021; Bosch et al., 2004; Boudier et al., 2005; Hanghgj et
al., 2010; Zhang et al., 2021). A possible stage of serpentinization in the Oman ophiolite is (1) off-axis
hydrothermal alteration at the seafloor (Boudier ef al., 2005), (2) subduction zone setting (de Obeso et
al., 2022; Yoshikawa et al., 2015), (3) meteoric and/or groundwater circulation after obduction
(Kelemen ef al., 2011; Leong et al., 2023). However, it is not well known the extent of serpentinization
at each stage. In this chapter, I describe the overall picture of field observations and drilling cores
obtained by Oman Drilling Project. In this chapter, I focus on the petrology and mineralogy, chemical
composition, and spatial distribution of primary and altered minerals in the lower crust to upper mantle

section of the Oman Ophiolite.

2.2. Geological setting and samples

The Oman Ophiolite has a typical stratigraphic sequence of the oceanic lithosphere from
pillow lava to the upper mantle: pillow lava, sheeted dikes, and gabbroic rock, and a mantle peridotite.
The Oman Ophiolite is composed of several rock bodies, which are mainly divided into northern, central,
and southern bodies (Fig. 2.1) (Nicolas et al., 2000). The northern body is reported to contain more
volcanic rocks than the southern body and is considered to be strongly influenced by the forearc
environment (Alabaster et al., 1982; Emewein et al., 1988; Pearce et al., 1981). In this study, I observed
and analyzed rock samples from the lower crust-upper mantle of the southern Wadi Tayin body and a
part of the upper mantle of the northern Hilti massif.

Field observations provide a three-dimensional view which have structural information, but
the number of accessible outcrops is limited, and it is not easy to study the lithologic continuity in depth
direction from outcrop. Another problem is the difficulty of collecting rocks that avoid weathering at

the surface. To resolve these problems, onshore drilling of the Oman ophiolite (Oman Drilling Project)
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was conducted in 2016 (Kelemen et al., 2020). For the Wadi Tayin massif, I investigated samples from
onshore drilling samples by the Oman Drilling Project. The Oman Drilling Project began in 2016, and
one of the targets of this drilling was the crust-mantle transition zone at the drill site of hole CM1A and
CM2B (Fig. 2.2A). Hole CM1A and CM2B were drilled at Wadi Zeeb, northern Sharqiyah (CM1A :
22°54.435'E, 58°20.149'N; CM2B : 22°54.660'E, 58°20.149'N; Fig. 2.2A). Fig. 2.2B and Fig. 2.2C
shows cross-section of drill site. CM1A is a 404.15 m drill hole through the lower crust to the upper
mantle, and CM2B is a 300.0 m drill hole through the crustal mantle boundary to the upper mantle with
almost 100 % core recovery. Onboard descriptions revealed various stages of alteration reactions and
veining that occurred over a range of temperatures and fluid infiltration conditions (Kelemen et al.,
2020).
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Fig. 2.1. Simplified geological map of the Oman Opbhiolite (after (Nicolas et al., 2000)). The stars indicate sampling
locations.
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the cross section of the drill site (after (Kelemen et al., 2020)). Blue thick lines in CMTZ shows gabbro sill CMTZ.

.F‘er‘idoﬁ(es . Gabbros & extrusives . Metamorphic sole

2.3. Analytical methods
Mineral 1dentification

Electron Microprobe Analysis

Quantitative mineral chemistries were determined using an electron probe microanalyzer
equipped with five wavelength dispersive X-ray (WDX) spectrometers (EPMA; JEOL JXA-8200 at
Graduate School of Environmental Studies, Tohoku University, Japan). The quantitative point analysis
was conducted at an accelerating voltage of 15.0 kV and a focused beam diameter of ~1-2 pm. The
probe currents for quantitative point analysis and elemental mapping were 12 and 120 nA, respectively.
Mineral reference standards (Wollastonite (Si, Ca), rutile (Ti), corundum (Al), hematite (Fe),
manganosite (Mn), periclase (Mg), albite (Na), K-feldspar (K), and eskolaite (Cr)) were used for

calibration. The total iron content was calculated as FeO (FeQ").

Raman spectroscopy

Serpentine types were identified by Raman spectroscopy (Horiba XploRA PLUS; Graduate
School of Environmental Studies, Tohoku University) equipped with a 532 nm green laser. The Raman
spectra were collected in 5 accumulations, with the integration time set to 10 seconds and grating of

1,800 grooves/mm. I prepare thin sections for Raman spectra measurement. Thin sections were cut
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parallel to the borehole direction, which is sub-perpendicular to the igneous layering. I used low
fluorescence and low viscosity epoxy resin (Craft Resin®, NISSIN RESIN Co., Ltd.) for cementing
rock sample and slide glass. Identification of serpentine minerals is based on previous studies

(Compagnoni et al., 2021; Groppo et al., 2006).

Whole core X-ray CT

As a part of the Oman Drilling Project, all cores from CM1A and CM2B were scanned using
an X-ray CT scanner (Discovery CT 75S0HD, GE Medical Systems) on board the D/V Chikyu to obtain
information on the composition and the internal structure of the cores (Kelemen et al., 2020). Three-
dimensional images of 1.4 m x 0.09 m x 0.09 m with a voxel size of 0.176 mm X 0.176 mm X 0.625
mm were obtained with excitation voltage of 140 kV and a current for X-ray tube of 100 mA. The scan

rate was 20 mm/s. The CT number in Hounsfield units (HU) is defined as follows:

He—

CT number = ? % 1000 (2.1)

Hw

where, u: and uy are linear attenuation coefficient the measured material and water, respectively.

Bulk rock composition and estimation of the protolith mineral mode

Bulk-rock compositions were measured by glass bead method using X-ray fluorescence
analyzer equipped with wavelength dispersive X-ray spectroscopy (WDX-XRF, Rigaku ZSX Primus IV
at Graduate School of Environmental Studies, Tohoku University, Japan). The rock samples were sliced
using diamond cutter (a few cm size) and roughly crashed using tungsten mortar (~ 1 mm). The rock
samples were powdered using Multi Beads Shocker® (Yasui Kikai Corporation, PM3000) with 2500
rpm in 120 seconds X 2 (Total 240 sec). Before making glass bead, the powdered rock heated at 950 °C,
3 hours for measuring loss on ignition (LOI). The ignited powder sample (0.6 g) mixied with flux (5.4
g) for making glass disk. The mass fraction of the total iron contents was calculated as Fe>Os (FexOs").
The protolith mineral mode was estimated using the least squares method, assuming that the rock does

not contain spinel and no mass transfer during alteration (Kourim ef al., 2022).

Micro x-ray fluorescence microscope

Thin section scale elemental maps of gabbroic rocks were obtained by micro x-ray
fluorescence (XRF) microscope (Horiba Scientific XGT-7000V at Graduate School of Environmental
Studies, Tohoku University, Japan) equipped with an energy dispersive spectrometer (EDS) for bulk

rock classification, modal abundances of mineral. The micro-XRF analysis were conducted at an

29



accelerating voltage of 50 kV and tube diameter of 10 um. The scan time was 1,800 seconds and the
number of accumulations was 20 times. The resolution of the elemental mapping is 60 um/pixel and the
measurement area size is 15 x 32 mm. The element maps of Al, Ca, Mg and Fe were used to create
mineral phase map. To evaluate the primary mineral mode of protolith, serpentine and magnetite were
classified as the products of olivine. Chlorite and prehnite were classified as the alteration products of
plagioclase. The mineral phase maps are divided into four regions, and mineral mode by area calculated

for each region.

Laser ablation inductively coupled plasma mass spectrometry

Trace elemental analysis of minerals was performed using later ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS, ESI NWR193UC excimer LA system and Agilent 7700x
quadrupole ICP-MS, Akita University, Japan). The laser beam diameter was 140 pm during analysis and
150 pm during pre-ablation. The analysis was performed with laser repetition rate = 10 Hz, He gas flow
rate 0.5 L/min, with a He cup gas flow rate 0.15 L/min. Ar carrier gas flow rate 0.68 L/min, with Ar
dilution gas flow rate 0.6 L/min. Laser ablation time was 70 s, and laser energy density = 8.0 J cm™.
NIST 612 glass was used as the primary standard. USGS standard glasses BIR-1G and BHVO-2G were
used as secondary standards to evaluate data quality (Appendix, Table A1).

Thermogravimetric analysis

Bulk content of hydrous minerals of the powdered rock samples were measured by thermo
gravimetry (Rigaku Thermo plus EVO II TG8120; Graduate School of Environmental Studies, Tohoku
University). The temperature raised from room temperature to 1100 °C at a rate of 10 °C/min under

argon gas atmosphere.
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2.4. Field observation of the Crust-Mantle boundary of the Oman Ophiolite

The main samples investigated in this study are drilled samples of the Oman ophiolite, but
supplemental field surveys and sample collection were conducted. I observed a series of lithofacies in

the Oman ophiolite from pillow lava to the upper mantle (Fig. 2.3).
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Fig. 2.3. Stratigraphy of the Oman ophiolite. (A) Illustration of the “Penrose model”, a typical fast spreading
oceanic lithosphere model (After Dick et al., 2006). (B-G) Outcrop photo of typical lithology in the Oman ophiolite
(Photos taken on January 2023). (B) Pillow lava, (C) Sheeted dykes, (D) Isotropic gabbro, (E) Layered gabbro,
(F) Crust-mantle transition zone, (G) Mantle harzburgite.

2.4.1. Wadi Tayin massif

The Wadi Tayin massif, a component of the southern part of the Oman Ophiolite, have a
continuous lower crust-upper mantle stratigraphic sequence. The sampling points in field study are the
lower crust-upper mantle boundary (Fig. 2.4A Point 1; N22°54'41.43, E58°20'17.84), lower crust (Fig.
2.4A Point 2; N22°54 '47.22, E58°20'13.94), and the upper mantle (Fig. 2.4A Point 3; N22°54'52.60,
E58°20'06.47). A layered structure consisting of wehrlite-gabbro is characteristically observed at the
lower crust and upper mantle boundary (Fig. 2.4B). The lowermost part consists of dunite with
antigorite+chrysotile veins (Fig. 2.4C and D). In the wehrlite-gabbro, Distinctive serpentine veins
(enriched in lizardite) develops in the gabbro layers in a direction perpendicular to the layered structure
(Fig. 2.4E). The upper mantle is composed mainly of harzburgite, which has weathered to a reddish-

brown surface (Fig. 2.4F). The harzburgite is cut by mafic intrusive rocks, carbonate and magnetite veins
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(Fig. 2.4F and G).
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Fig. 2.4. (A) Distant view of the outcrop around the CM site. (B) Outcrop photograph of the Crust-Mantle transition
zone (Pointl). Alternating layered structure of wehrlite (black) and gabbro (white) observed above dunite layer.
(C) Close up view of the yellow rectangle in (B). (D) Close up view of the dunite layer. Serpentinized dunite matrix
cut by the antigorite-chrysotile veins. (E) Layered structure of wehrlite (black) and gabbro (white) at point 2 in
(A). The gabbro layers cut by vertical lizardite (Lz) veins in the layered structures. (F) Outcrop photograph of the
upper mantle section at point 3 in (A). The upper mantle section is mainly composed by harzburgite. (G) The
harzburgite matrix cut by black color veins.
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2.4.2. Hilti massif

The Hilti massif, which composes part of the northern Oman ophiolite, has a large outcrop of
the less weathered upper mantle (Fig. 2.5A; N24°05'00.69, E56°25'29.51). The harzburgite in the upper
mantle is cut by sheared vein composed of antigorite and less chrysotile (Fig. 2.5B), and the vein

network are developed over the several meters scale (Fig. 2.5C and D).

chrysotile (Ctl) vein cut serpentinized harzburgite. (C) Overview of Atg+Ctl vein network. (D) Figure tracing the
Atg+Ctl veins.
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2.5. Depth profile of chemical composition and hydrous minerals

2.5.1. Overview of the lower crust to upper mantle rocks

In the following, rock samples from two boreholes (Hole CM1A and CM2B) obtained from
onshore drilling of the Oman Ophiolite were analyzed in detail. Lower crust section (0—160 m depth),
crust-mantle transition zone (160—310 m depth), and upper mantle section (310—404 m depth) of CM1A
is mostly consist of gabbroic rocks with layered structure, dunite, and harzburgite, respectively. Crust-
mantle transition zone (0-140 m depth) and upper mantle section (140-300 m depth) of CM2B mainly
consist of dunite and harzburgite. The crust-mantle boundary is 313 m for CM1A, 140 m for CM2B.
Volatile free bulk rock major element composition analysis using WDS-XRF and thermogravimetric
analysis were performed on total 78 samples: gabbroic rocks (19 samples from CM1A and 1 sample
from CM2B), dunites (10 samples from CM1A and 10 samples from CM2B), and the harzburgites (10
samples from CM1A and 28 samples from CM2B). Table 2.1 shows average bulk rock composition for
each lithology. Loss on ignition (LOI) was separately measured for the powders before bulk rock
composition analysis. The gabbroic rocks have high variability in bulk rock composition and LOIL.
Dunite has small variation (16 <1 wt. %) except for total iron (Fe,O3*) and MgO. Harzburgite has small
variation (1o <1 wt. %) except for MgO and LOI. Depth profile of volatile free bulk rock major element
composition shows no systematic variation with depth is observed for SiO», Fe,O3, MgO, and LOI. CaO
content is high at depths in CM1A and CM2B (320-370 m and ~250 m, respectively). For CM;,B, the
Na;0, K0, and Al,Os contents tend to increase with depth. The LOI of dunite is nearly constant at ~15
wt. %, while the LOI of harzburgite varies from 9-15 wt. % (Fig. 2.6). The gabbroic rocks show variation
in LOI with respect to depth, which may be caused by variation in olivine content. Dunnite has almost
homogeneous LOI with depth, indicating that it is homogeneously serpentinized. Harzburgite has greater

LOI variation than dunite (Fig. 2.6).
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Table 2.1. Average bulk rock composition of gabbroic rocks, duntie, and harzburgite from CM1A and CM2B.

Lithology Gabbroic rocks Dunite Harzburgite
N 20 20 38
Avg. Std. Avg. Std. Avg. Std.
SiO, 43.09 2.41 38.66 0.52 42.37 0.72
TiO, 0.12 0.07 0.02 0.02 0.02 0.02
AlL,O4 12.61 5.69 0.57 0.36 0.74 0.29
Fe,O5* 8.46 4.72 10.63 1.37 8.74 0.93
MnO 0.13 0.05 0.14 0.02 0.12 0.01
MgO 20.23 8.36 48.10 1.15 45.55 1.39
Cao 13.17 6.04 0.19 0.1 0.93 0.72
Na,O 0.38 0.41 0.00 0.00 0.01 0.02
K,O 0.03 0.01 0.02 0.00 0.02 0.00
Total 98.26 0.70 98.32 0.34 98.51 0.68
LOI 6.21 2.49 14.98 0.57 12.86 1.41
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Fig. 2.6. Depth profile of bulk rock major element composition and loss on ignition (LOI). The distance from the
crustal mantle boundary is calculated for each of CM1A and CM2B as follows: Depth from surface — 313 for
CMI1A; (Depth from the surface — 140)*cos (30°) for CM2B.
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2.5.2. Thermogravimetric analysis

Gabbroic rocks

The thermogravimetric (TG) curves for the gabbroic rocks show almost no weight loss up to
~400 °C and significant weight loss of ~1-2 wt. % and ~2-3 wt. % from ~250-450 °C and ~450-800 °C,
respectively (Fig. 2.7A). The weight loss above ~900 °C is almost negligible. A loss on ignition (LOI:
weight loss during 200-1050 °C) of the gabbroic rocks shows 8.8-14.2 wt. %. The weight loss at 430-
700 °C is caused by decomposition of chlorite (500-700 °C), lizardite/chrysotile (450-800 °C) and
prehnite (100-600 °C) (Foldvari, 2011; Viti, 2010). The decomposition temperatures of these minerals

overlap, making it difficult to measure the amount of each mineral.

Dunite

The TG curve for dunite shows almost no mass loss up to ~250 °C, with a significant mass
loss of 1.5-4.1 wt. % from 250 °C-450 °C corresponding to the decomposition of brucite and 9.8-11.3
wt. % from 450 °C-800 °C corresponding to the decomposition of serpentine (Fig. 2.7B). Above ~800 °C,
there is almost no mass loss. LOI of dunite have a range of 12.5-14.8 wt. %. The peaks of the weight
loss rate are observed at 366+9 °C and 626+11 °C. The amounts of brucite and serpentine calculated

from the mass loss at each temperature range are 4.8-13.3 wt. % and 75.0-86.8 wt. %, respectively.

Harzburgite

The TG curve for harzburgite shows almost no mass loss up to ~250 °C, with significant mass
loss of 1.2-3.0 wt. % from 250-450 °C corresponding to the decomposition of brucite and ~7.0-11.6
wt. % from 450-800 °C corresponding to the decomposition of serpentine (Fig. 2.7C). The peaks of the
weight loss rate are observed at 35848 °C and 647+21 °C. The LOI of harzburgite ranges from 8.8-14.2
wt. %. The amounts of brucite and serpentine calculated from mass loss at each temperature range are
3.7-9.7 wt. % and 53.6-89.1 wt. %, respectively.
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Fig. 2.7. Thermogravimetric analytic curves of gabbroic rocks (A), dunites (B), and harzburgites (C).
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distance from the crustal mantle boundary is calculated for each of CM1A and CM2B as follows: Depth from

surface — 313 for CM1A; (Depth from the surface — 140)xcos (30°) for CM2B.
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2.6. Petrology and mineralogy

2.6.1. Gabbroic rocks

The gabbroic rocks show a layered structure consisting of olivine-rich dark layers and
plagioclase-rich white layers every few to tens of centimeters (Fig. 2.9). The gabbroic rocks are
composed of olivine, clinopyroxene, plagioclase, and spinel as primary minerals with granular texture
with a grain size of 0.2-2.5 mm. Serpentine, chlorite, and prehnite veins cut the host rock (Fig. 2.10).
Mineral mode determined from the bulk rock composition are olivine = 31.5 = 20.7 wt. %, plagioclase
= 38.9 £ 15.3 wt. %, and clinopyroxene = 31.3 + 19.4 wt. % (Table 2.3). Mineral modes are also
determined by micro-XRF mapping for five selected samples (Fig. 2.11; CM1A-973-26-30; CM1A-
4772-62-67, CM1A-4873-10-15; CM1A-5571-76-81; CM1A-113Z3-25-30). The mineral modes and
microstructures are similar to other gabbroic rocks from the lower crustal section of the Oman ophiolite
(Pallister and Hopson, 1981; Zhang et al., 2021). The Xu[=Mg*/(Mg*+Fe?**), where Mg and Fe?* are
in atoms per formula unit (a.p.f.u.)] of olivine and clinopyroxene show a wide compositional range of
0.80-0.87 and 0.85-0.90, respectively (Table. 2.2). Plagioclase in the gabbroic rocks is Ca-rich (Xca
[=Ca*"/(Ca**+Na"), where Ca*" and Na" are in a.p.f.u.] of 0.82-0.95).Secondary minerals are described

next.
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Fig. 2.9. Photograph and X-ray CT image of gabbroic rocks from OmanDP CM site. z increases with depth within
the hole. The dark color parts in photographs are mainly composed of serpentinized olivine. The white color parts
mainly composed of plagioclase. White color allows shows the positions of thin section.
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Fig. 2.10. Thm section image of the gabbr01c rocks under plain polarlzed hght and crossed polarized light. (A) CM1A-7Z2-38-42, (B) CM1A-9723-26-30, (C) CM1A-
467Z1-34-39, (D) CM1A-4722-62-67, (E) CM1A-4873-10-15, (F) CM1A-5172-72-77, (G) CM1A-51Z4-72-77, (H) CM1A-55Z1-76-81, (I) CM1A-57Z3-43-48. Ol =
olivine, Pl = plagioclase, Cpx = clinopyroxene, Mag = magnetite, Chl = chlorite. PS = polygonal serpentine.
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Table. 2.2. Chemical composition of primary minerals in gabbroic rocks (in wt. %) with 10 standard deviation and calculated structural formula.

Sample CM1A-721-43-45

CM1A-923-26-30

CM1A-4722-62-67

CM1A-4873-10-15

CM1A-5521-76-81

CM1A-5723-12-17

CM1A-5821-50-54

Lithology Olivine gabbro Olivine gabbro Olivine gabbro Olivine gabbro Olivine gabbro Olivine gabbro Olivine gabbro
Mineral Olivine Olivine Olivine Olivine Olivine Olivine Olivine
N 3 4 44 12 28 9 3

avg. avg. 10 avg. avg. 10
Sio, 39.30 0.27 39.34 0.56 40.71 1.80 39.94 0.20 39.00 0.28 39.37 0.23 39.93 0.25
TiO, 0.02 0.03 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02
AlL,O, 0.08 0.04 0.03 0.11 4.72 11.84 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.02
FeO 16.48 0.36 16.86 0.74 12.54 4.76 14.54 0.30 18.95 0.38 15.36 0.14 13.91 0.22
MnO 0.19 0.05 0.28 0.08 0.16 0.11 0.24 0.06 0.34 0.07 0.25 0.08 0.07 0.02
MgO 43.67 0.27 43.40 0.59 39.22 15.54 45.62 0.34 41.80 0.50 44.99 0.34 45.36 0.11
Ca0 0.07 0.02 0.09 0.03 2.57 6.36 0.03 0.02 0.07 0.03 0.07 0.03 0.10 0.11
Na,O 0.00 0.00 0.02 0.02 0.14 0.33 0.04 0.08 0.01 0.02 0.01 0.03 0.04 0.06
K,O 0.00 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00
Cry,03 0.01 0.01 0.02 0.02 0.02 0.03 0.01 0.02 0.01 0.02 0.02 0.02 0.01 0.01
Total 99.83 0.61 100.05 0.66 100.09 0.76 100.44 0.63 100.20 0.56 100.09 0.46 99.54 0.56
Oxygen 4 4 4 4 4 4 4
Si 1.00 1.00 1.01 1.00 1.00 0.99 1.00
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.00 0.00 0.13 0.00 0.00 0.00 0.00
Fe 0.35 0.36 0.26 0.30 0.40 0.14 0.29
Mn 0.00 0.01 0.00 0.01 0.01 0.18 0.00
Mg 1.65 1.64 1.46 1.70 1.59 0.75 1.70
Ca 0.00 0.00 0.06 0.00 0.00 0.94 0.00
Na 0.00 0.00 0.01 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 3.00 3.00 2.93 3.00 3.00 1.34 3.00
Xmg 0.83 0.82 0.85 0.85 0.80 0.84 0.85

Xug=Mg*/(Mg*+Fe?"), where Mg?* and Fe?* are in atoms per formula unit (a.p.f.u.).
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Table. 2.2. Continue of chemical composition of primary minerals in gabbroic rocks (in wt. %) with 10 standard deviation and calculated structural formula.

Sample CM1A-11323-25-30 CM1A-7Z1-43-45 CM1A-9Z3-26-30 CM1A-4621-34-39 CM1A-4722-62-67 CM1A-4823-10-15 CM1A-5122-72-77
Lithology Gabbro Olivine gabbro Troctolite Olivine gabbro Olivine gabbro Olivine gabbro Olivine gabbro
Mineral Olivine Clinopyroxene Clinopyroxene Clinopyroxene Clinopyroxene Clinopyroxene Clinopyroxene
N 19 3 9 3 12 3 7

avg. 10 avg. 10 avg. 10 avg. 10 avg. 10 avg. 10 avg. 10
SiO, 40.11 0.47 52.36 0.33 51.75 0.27 52.48 0.06 52.00 0.33 51.87 0.59 51.20 0.29
TiO, 0.01 0.01 0.46 0.04 0.38 0.05 0.46 0.03 0.27 0.05 0.29 0.05 0.20 0.04
Al,Oq 0.00 0.01 2.21 0.09 2.90 0.13 2.89 0.32 2.86 0.15 243 0.34 3.01 0.14
FeO 12.99 0.38 4.98 0.15 4.98 0.20 5.21 0.06 4.51 0.43 4.34 0.20 3.54 0.22
MnO 0.11 0.06 0.03 0.02 0.10 0.06 0.11 0.02 0.15 0.05 0.11 0.04 0.07 0.06
MgO 47.00 0.58 16.91 0.15 16.05 0.37 16.72 0.39 17.30 0.92 16.88 0.27 16.60 0.43
CaO 0.03 0.02 21.34 0.08 22.73 0.24 21.42 0.03 21.60 0.95 22.17 0.17 21.82 0.32
Na,O 0.02 0.03 0.28 0.09 0.26 0.05 0.24 0.04 0.21 0.08 0.28 0.03 0.30 0.08
K,0 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00
Cr,04 0.01 0.02 0.09 0.00 0.21 0.14 0.12 0.02 0.35 0.09 0.67 0.02 0.87 0.15
Total 100.29 0.50 98.67 0.33 99.36 0.34 99.64 0.14 99.25 0.50 99.05 0.28 97.60 0.22
Oxygen 4 6 6 6 6 6 6
Si 0.99 1.94 1.92 1.93 1.92 1.92 1.91
Ti 0.00 0.01 0.01 0.01 0.01 0.01 0.01
Al 0.00 0.10 0.13 0.12 0.12 0.11 0.13
Fe 0.27 0.15 0.15 0.16 0.14 0.13 0.11
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 1.74 0.93 0.87 0.91 0.95 0.93 0.93
Ca 0.00 0.85 0.90 0.84 0.85 0.88 0.87
Na 0.00 0.02 0.02 0.02 0.01 0.02 0.02
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.01 0.00 0.01 0.02 0.03
Total 3.01 4.01 4.01 4.01 4.02 4.02 4.01
Xng 0.87 0.86 0.85 0.85 0.87 0.87 0.89

Xug=Mg*/(Mg*+Fe?"), where Mg?* and Fe?* are in atoms per formula unit (a.p.f.u.).
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Table. 2.2. Continue of chemical composition of primary minerals in gabbroic rocks (in wt. %) with 10 standard deviation and calculated structural formula.

Sample CM1A-51Z4-72-77 CM1A-55Z1-76-81 CM1A-5821-50-54 CM1A-113Z3-25-30 CM1A-113Z4-11-16
Lithology Olivine gabbro Olivine gabbro Harzburgite Olivine gabbro Gabbro
Mineral Clinopyroxene Clinopyroxene Clinopyroxene Clinopyroxene Clinopyroxene
N 9 5 3 11 2

avg. 10 avg. 10 avg. 10 avg. 10 avg. 10
Sio, 52.01 0.38 50.77 0.29 51.60 0.32 52.75 0.46 53.08 0.25
TiO, 0.17 0.08 0.52 0.05 0.26 0.04 0.34 0.03 0.31 0.01
AlL,O4 2.46 0.22 3.52 0.11 3.12 0.09 2.55 0.51 2.94 0.11
FeO 4.38 0.92 6.28 0.28 4.65 0.16 3.77 0.24 3.79 0.06
MnO 0.20 0.08 0.17 0.01 0.07 0.05 0.15 0.06 0.08 0.03
MgO 15.93 1.69 15.91 0.47 16.33 0.22 17.37 0.24 17.55 0.08
CaO 22.41 1.18 20.78 0.88 21.78 0.10 22.37 0.44 22.05 0.04
Na,O 0.21 0.13 0.44 0.07 0.25 0.09 0.21 0.07 0.28 0.04
K,O 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01
Cr,04 0.26 0.17 0.69 0.05 0.68 0.03 0.07 0.08 0.26 0.02
Total 98.03 0.40 99.08 0.34 98.86 0.10 99.59 0.51 100.35 0.10
Oxygen 6 6 6 6 6
Si 1.94 1.89 1.91 1.93 1.93
Ti 0.00 0.01 0.01 0.01 0.01
Al 0.11 0.15 0.14 0.11 0.13
Fe 0.14 0.20 0.14 0.12 0.12
Mn 0.01 0.01 0.00 0.00 0.00
Mg 0.89 0.88 0.90 0.95 0.95
Ca 0.90 0.83 0.87 0.88 0.86
Na 0.02 0.03 0.02 0.01 0.02
K 0.00 0.00 0.00 0.00 0.00
Cr 0.01 0.02 0.02 0.00 0.01
Total 4.00 4.02 4.01 4.01 4.01
Xmg 0.87 0.82 0.86 0.89 0.89

Xug=Mg*/(Mg*+Fe?"), where Mg?* and Fe?* are in atoms per formula unit (a.p.f.u.).
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Table. 2.2. Continue of chemical composition of primary minerals in gabbroic rocks (in wt. %) with 10 standard deviation and calculated structural formula.

Sample CM1A-721-43-45 CM1A-973-26-30 CM1A-46Z1-34-39 CM1A-4772-62-67 CM1A-4823-10-15 CM1A-5571-76-81 CM1A-5723-12-17 CM1A-5871-50-54 CM1A-113Z3-25-30
Lithology Olivine gabbro Olivine gabbro Olivine gabbro Olivine gabbro Olivine gabbro Olivine gabbro Olivine gabbro Gabbro Harzburgite
Mineral Plagioclase Plagioclase Plagioclase Plagioclase Plagioclase Plagioclase Plagioclase Plagioclase Plagioclase
N 3 4 3 8 5 12 9 6 10

avg. 10 avg. 10 avg. 10 avg. 10 avg. 10 avg. 10 avg. 10 avg. 1o avg. 10
SiO, 46.82 0.13 46.63 0.30 46.73 0.12 45.65 0.41 45.34 0.33 45.69 1.16 46.50 0.52 45.76 0.18 46.09 0.53
TiO, 0.01 0.02 0.01 0.01 0.00 0.01 0.02 0.02 0.01 0.02 0.02 0.04 0.04 0.04 0.01 0.01 0.01 0.01
Al,O3 32.99 0.07 33.00 0.29 33.03 0.16 34.09 0.26 34.29 0.13 33.73 1.05 32.84 0.27 33.65 0.27 34.07 0.45
FeO 0.49 0.03 0.51 0.06 0.45 0.04 0.46 0.13 0.30 0.01 0.45 0.14 0.46 0.07 0.45 0.09 0.30 0.08
MnO 0.00 0.00 0.03 0.05 0.01 0.01 0.03 0.02 0.02 0.02 0.02 0.03 0.01 0.03 0.03 0.03 0.02 0.03
MgO 0.06 0.02 0.06 0.02 0.05 0.02 0.02 0.02 0.03 0.03 0.07 0.07 0.05 0.04 0.02 0.02 0.04 0.04
Cao 16.84 0.03 17.35 0.05 17.39 0.09 18.01 0.26 18.03 0.30 17.64 1.01 16.81 0.35 17.80 0.09 17.76 0.54
Na,O 1.98 0.05 1.81 0.17 1.66 0.13 1.28 0.13 1.27 0.12 1.37 0.60 1.83 0.29 1.44 0.11 1.46 0.32
KO 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.02 0.01 0.01 0.01 0.03 0.03
Cry,03 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.02 0.00 0.01 0.00 0.01 0.01 0.02 0.01 0.01 0.01 0.01
Total 99.21 0.08 99.41 0.39 99.33 0.32 99.58 0.43 99.30 0.18 99.01 0.40 98.57 0.49 99.23 0.16 99.78 0.44
Oxygen 8 8 8 8 8 8 8 8 8
Si 2.17 2.16 217 2.12 211 213 217 2.13 213
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 1.80 1.80 1.80 1.86 1.88 1.85 1.81 1.85 1.85
Fe 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.02 0.01
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.84 0.86 0.86 0.89 0.90 0.88 0.84 0.89 0.88
Na 0.18 0.16 0.15 0.11 0.11 0.12 0.17 0.13 0.13
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 5.01 5.02 5.01 5.01 5.01 5.01 5.01 5.01 5.01
Xca 0.82 0.84 0.85 0.89 0.89 0.88 0.84 0.87 0.87

Xug=Mg*/(Mg*+Fe?"), where Mg?* and Fe?* are in atoms per formula unit (a.p.f.u.).
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Table 2.3. Protolith mineral mode of gabbroic rocks determined by bulk-rock chemistry

Mineral mode

Sample Pl (wt%) Cpx (Wt%) Ol (wt%) Total

C5707A-721-43-45 17.0 - 18.0 10.3 - 13.8 64.1 - 722 914 - 1041
C5707A-722-38-42 11 - 117 322 - 370 443 - 520 87.6 - 100.7
C5707A-822-10-14 249 - 264 33.0 - 399 323 - 399 90.2 - 106.2
C5707A-2821-85-88 428 - 454 39.3 - 495 82 - 152 90.3 - 110.0
C5707A-3221-53-55 251 - 26.6 122 - 1741 421 - 4838 794 - 926
C5707A-3921-84-88 60.7 - 64.3 214 - 326 13 - 72 834 - 1041
C5707A-4621-34-39 65.8 - 69.8 179 - 295 33 -94 87.0 - 108.7
C5707A-4722-62-67 411 - 436 254 - 340 26.2 - 33.6 92.7 - 1111
C5707A-4823-10-15 413 - 4338 214 - 297 286 - 359 914 - 1094
C5707A-5122-72-77 487 - 51.7 179 - 269 321 - 399 98.7 - 1185
C5707A-5124-72-77 429 - 455 46.3 - 57.2 104 - 18.2 99.6 - 120.9
C5707A-55Z1-76-81 271 - 287 111 - 16.2 496 - 57.1 87.8 - 1021
C5707A-5723-12-17 135 - 143 00 - 0.0 69.7 - 77.0 83.2 - 91.3
C5707A-5723-43-48 437 - 464 154 - 234 347 - 421 93.8 - 112.0
C5707A-5821-50-54 448 - 475 12.7 - 20.7 36.5 - 44.0 94.0 - 1121
C5707A-113Z3-25-30 53.1 - 56.3 299 - 407 94 - 164 924 - 1134
C5707A-113Z4-11-16 47.8 - 50.7 62.3 - 754 00 - 85 110.1 - 134.6
C5707A-124Z1-40-48 30.3 - 321 721 - 835 53 - 142 107.7 - 129.8
C5708B-41Z4-72-77 358 - 37.9 36.2 - 45.0 28.8 - 37.1 100.8 - 120.0
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Fig. 2.11. Mineral phase map of selected gabbroic rocks. The mineral phase map based on element map of
Ca, Al, Mg, and Fe obtained by micro XRF. (A)CM1A-9Z3-26-30. (B)CM1A-47Z2-62-67. (C)CM1A-
4873-10-15. (D)CM1A-55Z1-76-81. (E)CM1A-113Z3-25-30. (F)Classification of the gabbroic rocks
based on plagioclase-clinopyroxene-olivine diagram. Ol=olivine, Srp=serpentine, Mag=magnetite,
Pl=plagioclase, Cpx=clinopyroxene.
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Serpentinite

The olivine in the gabbroic rocks is partially serpentinized with a mesh texture. Radial cracks are
observed in the pyroxene and plagioclase surrounding the serpentinized olivine (Fig. 2.12A-B).
Compared to olivine, clinopyroxene is less altered (Fig. 2.12A). The alteration of olivine
(serpentinization) is higher than plagioclase (Fig. 2.12B). A mesh texture is seen within the single
crystal olivine. Type 1 mesh textures (~5-30 um wide) are cut by thicker type 2 mesh textures
(~50-150 um wide) (Fig. 2.12C).

The type 2 mesh texture is connected to radial cracks in the plagioclase (Fig. 2.13A-B).
The type 2 mesh texture cutting the type 1 mesh texture is enriched in Al (Fig. 2.13C-D). The
serpentine around clinopyroxene is richer in Al (A,Os=~2.5-3.0 wt. %; Table 2.4) and Fe (FeO"
= ~6-10 wt. %; Table 2.4), than the serpentine that replaces the olivine (AL,O3 = ~0 wt. %, FeO"
= ~2.5-4.0 wt. %; Table 2.4). The Si versus Mg+Fe plot based on structural chemical formula
shows that the type 1 mesh texture is on a mixed line of serpentine + brucite, whereas the type 2
mesh texture is closer to a mixed line of serpentine + talc (Fig. 2.14A). On the other hand, the Si
versus Mg plot shows that type 1 is not on the serpentine + brucite mixing line, indicating a high
Fe content in the brucite (Fig. 2.14B). Xy, of serpentine obtained from the extrapolation of the Si
versus Mg+Fe and Si versus Mg plots are 0.96.

polarized light. (A)Partly serpentinized olivine in olivine gabbro (CM1A-4772-62-67). (B)Partly
serpentinized olivine in troctolite (CM1A-972-26-30). (C)Close up view of the mesh texture. A type 1 mesh
textures with a smaller width (~5-30 pum) are cut by a type 2 mesh textures with a larger width (~50-150

pm).
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30). (B) Close up view of the olivine-plagioclase boundary. (C)Close up view of the backscattered electron
image of mesh texture and (D) element map of Al shows Al-rich type 2 mesh texture.
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Fig. 2.14. (A) Si versus Mg+Fe plot and (B) Si versus Mg plot of type 1 mesh texture and type 2 mesh
texture.
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Table 2.4. Chemical composition of serpentine£brucite in gabbroic rocks (in wt. %) with 1o standard deviation and calculated structural formula.

Sample CM1A-721-43-45 CM1A-973-26-30 CM1A-4722-62-67 CM1A-4823-10-15 CM1A-51Z2-72-77
Lithology Olivine gabbro Troctolite Olivine gabbro Olivine gabbro Olivine gabbro
Mineral Srp Srp+Brc Srp Srp+Brc Srp Srp Srp Srp
Type Mesh Type 1 mesh Type 2 mesh Type 1 mesh Type 2 mesh Mesh Mesh rim Mesh core
N 8 35 208 42 121 11 45 19

avg. 1o avg. 10 avg. 10 avg. 1o avg. 10 avg. 1o avg. 1o avg. 10
Sio, 40.56 0.44 39.98 1.33 41.20 0.94 40.66 2.01 41.33 1.68 40.93 0.95 41.05 1.09 37.90 0.42
TiO, 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.02 0.02 0.01 0.01
AlL,O4 1.86 0.75 0.01 0.01 0.70 0.36 0.22 0.91 0.63 0.78 0.36 0.18 1.58 1.44 5.95 0.23
FeO 3.87 0.29 3.90 1.59 2.75 0.95 443 3.74 2.68 2.18 3.33 1.77 240 0.84 8.11 0.26
MnO 0.06 0.04 0.03 0.04 0.04 0.04 0.02 0.04 0.02 0.03 0.01 0.01 0.03 0.03 0.04 0.04
MgO 37.59 0.55 40.45 0.96 39.00 1.61 38.60 3.42 39.95 1.60 39.41 0.98 38.68 1.34 30.61 0.44
Ca0 0.04 0.01 0.02 0.02 0.04 0.02 0.02 0.02 0.01 0.01 0.05 0.03 0.15 0.04 043 0.03
Na,O 0.01 0.01 0.02 0.02 0.01 0.02 0.01 0.02 0.02 0.03 0.04 0.03 0.02 0.04 0.04 0.05
K,0 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.03 0.01
Cr,03 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.02 0.02 0.02
Total 83.99 0.96 84.44 1.12 83.76 1.98 84.00 1.59 84.66 1.59 84.16 0.55 83.94 0.71 83.14 0.63
Oxygen 7 7 7 7 7 7 7 7
Si 1.97 1.95 2.00 1.99 1.99 1.99 1.98 1.90
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.11 0.00 0.04 0.01 0.04 0.02 0.09 0.35
Fe 0.16 0.16 0.11 0.19 0.11 0.14 0.10 0.34
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 273 2.94 2.82 2.81 2.86 2.85 2.79 229
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 4.97 5.05 4.98 5.00 5.00 5.00 4.97 4.92
Xsp 0.97 0.99
X g Of Srp 0.95 0.98 0.96 0.94 0.96 0.95 0.97 0.87
X g of Bre 0.50 0.73

Xug=Mg*/(Mg*+Fe?"), where Mg?* and Fe?* are in atoms per formula unit (a.p.f.u.).
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Table 2.4. Continue of chemical composition of serpentinexbrucite in gabbroic rocks (in wt. %) with 1o standard deviation and calculated structural

formula.
Sample CM1A-55Z1-76-81 CM1A-57Z3-12-17 CM1A-5821-50-54 CM1A-113Z3-25-30 OM230111P4-1
Lithology Olivine gabbro Olivine gabbro Olivine gabbro Olivine gabbro Olivine gabbro
Mineral Srp+Brc Srp Srp Srp Srp Srp+Brc Srp Srp
Type Type 1 mesh Type 2 mesh Mesh rim Mesh core Mesh Mesh Mesh rim Mesh core
N 22 20 30 20 3 51 10 10

avg. 1o avg. 1o avg. 10 avg. 1o avg. 1o avg. 10 avg. 1o avg. 1o

SiO, 38.57 1.35 40.81 0.55 42.48 1.08 36.86 0.47 41.91 0.20 37.48 3.90 41.68 0.52 39.77 0.41
TiO, 0.01 0.01 0.02 0.02 0.02 0.03 0.02 0.03 0.00 0.01 0.01 0.01 0.01 0.02 0.01 0.02
Al,O4 0.03 0.03 0.02 0.04 0.39 0.44 6.82 0.35 0.74 0.03 0.14 0.18 0.53 0.19 1.93 0.09
FeO 8.87 1.95 3.84 1.00 3.66 0.92 16.02 0.33 5.23 0.10 6.01 5.96 2.87 0.55 6.94 0.32
MnO 0.05 0.05 0.06 0.04 0.05 0.04 0.08 0.05 0.11 0.03 0.02 0.03 0.04 0.04 0.13 0.06
MgO 36.33 1.50 39.81 0.54 38.30 0.98 20.85 0.84 34.47 0.59 41.06 2.40 38.87 0.82 30.46 0.69
Ca0 0.12 0.06 0.09 0.02 0.11 0.11 1.48 0.37 0.68 0.04 0.05 0.03 0.04 0.02 0.11 0.01
Na,O 0.02 0.04 0.02 0.04 0.03 0.05 0.08 0.06 0.11 0.02 0.04 0.04 0.02 0.04 0.08 0.06
K;O 0.01 0.01 0.00 0.00 0.01 0.01 0.09 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Cr,04 0.01 0.02 0.01 0.02 0.01 0.02 0.02 0.03 0.02 0.02 0.01 0.01 0.01 0.02 0.01 0.02
Total 84.02 0.78 84.70 0.82 85.06 0.97 82.31 1.56 83.34 0.61 84.83 1.88 84.08 0.64 79.47 1.14
Oxygen 7 7 7 7 7 7 7 7
Si 1.94 1.98 2.04 1.95 2.07 1.85 2.02 2.07
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.00 0.00 0.02 0.43 0.04 0.01 0.03 0.12
Fe 0.37 0.16 0.15 0.71 0.22 0.26 0.12 0.30
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Mg 273 2.88 274 1.65 2.54 3.03 2.80 2.36
Ca 0.01 0.00 0.01 0.08 0.04 0.00 0.00 0.01
Na 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01
K 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 5.06 5.02 4.95 4.84 4.91 5.15 4.97 4.87
Xsrp 0.97 0.92
X g Of Srp 0.89 0.95 0.95 0.70 0.92 1.00 0.96 0.89
X g Of Bre 0.67 0.51

Xug=Mg*/(Mg*+Fe?"), where Mg?* and Fe?* are in atoms per formula unit (a.p.f.u.).
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The Raman spectra of the Type 1 and Type 2 mesh textures have peaks at 230.53, 283.61, 688.6,
3682.56, 3705.23 and 129.74, 230.53, 385.39, 688.60, 3682.56, 3705.23 cm’!, respectively. The
strong peak at 3682.56 cm™ and the smaller peak at 3705.23 cm’! are similar to the Raman
spectrum of lizardite (Fig. 2.15). Although the EPMA analysis indicates that the Type 1 mesh
texture contains brucite (Fig. 2.14A), the Raman spectrum shows no brucite peaks (3631 cm™;
Fig. 2.15). This may be due to the low brucite content. Multi-stage serpentine veins, such as
thinner first-generation mesh textures (type 1) associate with brucite and thicker second-
generation mesh textures (type 2) without brucite, in gabbroic rocks are also found in oceanic

gabbroic rocks (Beard et al., 2009) and in dunite in other ophiolites (Frost et al., 2013).

(A) Type 1 mesh (Lz)
23083 C5707A-9Z3-26-30 sz ss

3705.23

230.53 3682.56

B) Type 2 mesh (Lz)
385.39 C5707A 973-26-30
EBﬂ 80
‘297
|_J—I_ .’ﬂ L

10 700 o 1100 3600 3650 3700 3750
Raman shift (cm™)

Raman intensity

Fig. 2.15. Raman spectra of serpentine minerals in gabbroic rocks. (A)Type 1 mesh (CM1A-973-26-30),
(B)Type 2 mesh (CM1A-973-26-30).
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Chlorite, prehnite and talc

Chlorite and prehnite are found as minerals that filling in the radial cracks in plagioclase around
the olivine grains (Fig. 2.13B) or replacing plagioclase (Fig. 2.16A). In the highly altered gabbroic
rocks, chlorite and prehnite completely replace the plagioclase (Fig. 2.16B). Less amount of
magnetite observed in serpentinized olivine adjacent to prehnite and chlorite (Fig. 2.16B). Talc is
found as a mineral that replacing olivine near partly altered plagioclase (Fig. 2.16C).

Chlorite in the gabbroic rocks shows a wide range of Fe contents (FeO" = ~ 4-30 wt. %;
Table 2.5). Chlorite filling radial fractures in plagioclase is enriched in Fe (FeO" = ~30 wt. %),
and Fe-rich talc (FeO" = ~8.5 wt. %) partially replacing olivine in contact with clinopyroxene.
Such Fe-rich talc has also been reported from oceanic gabbroic rocks (Majumdar et al., 2020).
Prehnite contains small amounts of FeO and MgO (FeO™ = ~0.2 wt. %, MgO = ~0.1 wt. %; Table
2.5) and is similar to other prehnites found in ultramafic rocks (Zhang et al., 2021). The Raman
spectra of chlorite have peaks at 197.70, 547.38, 678.37,3592.72, and 3677.39 cm™! (Fig. 2.17A).
The peaks near 550 and 3600 cm™ are specific to chlorite (Reynard et al., 2015; Wang et al.,
2015), and the peaks below 3600 cm™ are attributed to OH groups attached to octahedral sites
containing Al (Prieto, 1991). The peaks in the 3600-3700 cm™! range are found in serpentine and
talc and are attributed to OH bonded to octahedral sites containing Mg and Fe (Reynard et al.,
2015). The absence of a peak at 380 cm!, which is characteristic of Raman peak of serpentine
minerals (Groppo et al., 2006), suggests that the peak at 3677 cm™ is a contribution of talc. The
Raman spectrum of prehnite has peaks at 387.17, 521.22, 678.37, and 3479.30 cm™! (Fig. 2.17B),
consistent with the characteristics of prehnite reported in a previous study (Wang et al., 2022a).
The Raman spectra of talc have peaks at 190.38, 674.95, and 3677.39 cm™! (Fig. 2.17C), consistent

with the characteristics of talc reported in previous studies (Reynard et al., 2015).
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Fig. 2.16. Optical microscope photographs of gabbroic rocks under plane polarized light and crossed
polarized light. (A)Partly altered plagioclase shows complex texture of prehnite and chlorite mixture

(CM1A-4772-62-67). (B) Plagioclase completely altered to prehnite and chlorite in extensively altered
gabbro (CM1A-51Z2-72-77). (C)Olivine replaced by talc (CM1A-7Z2-38-42).
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Fig. 2.17. Raman spectra of chlorite, prehnite, and talc. (A)Raman spectra of the chlorite and talc mixture
after plagioclase (CM1A-5172-72-77). (B)Raman spectra of the prehnite after plagioclase (CM1A-51Z2-
72-77). (C)Raman spectra of talc after olivine (CM1A-7Z2-38-42).
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Table 2.5. Chemical composition of chlorite, prehnite, and talc in gabbroic rocks (in wt. %) with 1o standard deviation and calculated structural

formula.
Sample CM1A-7Z1-43-45 CM1A-9Z3-26-30 CM1A-4722-62-67 CM1A-48Z3-10-15 CM1A-5122-72-77 CM1A-5124-72-77 CM1A-55Z1-76-81
Lithology Olivine gabbro Troctolite Olivine gabbro Olivine gabbro Olivine gabbro Olivine gabbro Olivine gabbro
Mineral Chlorite Chlorite Chlorite Chlorite Chlorite Chlorite Chlorite
N 7 3 10 2 15 10 20 10

avg. 1o avg. 10 avg. 10 avg. 10 avg. 10 avg. 10 avg. 10 avg. 10

SiO, 34.67 1.36 24.75 0.44 30.21 443 26.34 1.16 30.52 0.98 31.60 0.29 30.75 1.69 24.77 0.48
TiO, 0.03 0.03 0.01 0.01 0.01 0.02 0.00 0.00 0.02 0.02 0.01 0.01 0.01 0.02 0.02 0.03
Al,O3 14.57 1.32 21.91 0.52 18.10 3.99 21.55 0.23 16.75 1.83 17.99 0.34 18.08 1.36 19.87 1.27
FeO 5.66 2.63 33.01 1.80 1297 11.68 26.52 6.69 11.21 1.64 3.18 0.39 8.08 0.94 29.69 2.27
MnO 0.05 0.07 4.07 0.52 0.64 0.92 0.68 0.28 0.21 0.06 0.20 0.08 0.10 0.05 1.25 0.15
MgO 29.11 2.97 3.81 0.68 23.59 11.82 11.98 5.68 24.96 1.12 30.40 0.44 25.58 3.00 8.25 2.10
CaO 0.35 0.23 0.67 0.17 0.24 0.16 0.27 0.10 0.27 0.20 0.07 0.02 1.58 2.73 0.77 0.07
Na,O 0.05 0.03 0.07 0.02 0.02 0.02 0.00 0.00 0.07 0.07 0.00 0.01 0.01 0.03 0.05 0.06
K0 0.03 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00
Cr,04 0.01 0.01 0.02 0.03 0.01 0.02 0.07 0.04 0.00 0.01 0.01 0.01 0.01 0.02 0.00 0.01
Total 84.53 0.64 88.32 0.57 85.79 0.75 87.41 0.51 84.01 0.94 83.47 0.59 84.22 2.83 84.68 1.55
Oxygen 14 14 14 14 14 14 14 14
Si 3.38 2.75 3.02 2.80 3.10 3.09 3.07 2.80
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 1.67 2.87 2.19 2.70 2.00 2.07 2.13 2.65
Fe 0.46 3.08 1.16 2.39 0.95 0.26 0.68 2.81
Mn 0.00 0.38 0.06 0.06 0.02 0.02 0.01 0.12
Mg 4.22 0.63 3.43 1.86 3.78 4.43 3.82 1.39
Ca 0.04 0.08 0.03 0.03 0.03 0.01 0.16 0.09
Na 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.01
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Total 9.79 9.82 9.89 9.85 9.90 9.88 9.87 9.88
Xwmg 0.90 0.17 0.75 0.44 0.80 0.94 0.85 0.33

Xug=Mg*/(Mg*+Fe?"), where Mg?* and Fe?* are in atoms per formula unit (a.p.f.u.).
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Table 2.5. Continue of chemical composition of chlorite, prehnite, and talc in gabbroic rocks (in wt. %) with 16 standard deviation and calculated

structural formula.

Sample CM1A-5723-12-17 CM1A-5871-50-54 CM1A-7Z21-43-45 CM1A-5122-72-77 CM1A-5124-72-77 CM1A-57Z3-12-17 CM1A-5871-50-54 CM1A-7Z1-43-45
Lithology Olivine gabbro Gabbro Olivine gabbro Olivine gabbro Olivine gabbro Olivine gabbro Olivine gabbro Olivine gabbro
Mineral Chlorite Chlorite Prehnite Prehnite Prehnite Prehnite Prehnite Prehnite Talc
Matrix Vein

N 20 6 3 23 20 3 3 3 3

avg. 10 avg. 10 avg. 10 avg. 10 avg. 10 avg. 10 avg. 1o avg. 10
SiO, 31.00 0.63 33.22 224 43.63 0.20 42.51 0.48 43.21 0.41 43.03 0.37 42.78 0.33 43.61 0.35 54.40 3.21
TiO, 0.01 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.08 0.07 0.03 0.03 0.02 0.01
Al,O3 18.14 0.79 14.95 3.98 23.95 0.14 23.82 0.31 23.50 0.27 23.45 0.38 23.95 0.29 23.86 0.09 0.05 0.05
FeO 4.36 0.32 5.66 0.39 0.29 0.02 0.21 0.37 0.06 0.05 0.08 0.06 0.22 0.07 0.21 0.11 6.07 244
MnO 0.05 0.04 0.05 0.03 0.00 0.00 0.05 0.06 0.02 0.03 0.04 0.05 0.08 0.03 0.05 0.04 0.02 0.02
MgO 30.66 0.42 31.47 1.91 0.00 0.00 0.13 0.47 0.18 0.21 0.01 0.02 0.01 0.01 0.04 0.01 24.05 1.85
Ca0 0.11 0.07 0.08 0.06 25.78 0.15 25.70 0.65 25.40 0.45 25.52 0.25 25.51 0.28 25.37 0.26 6.70 6.48
Na,0O 0.04 0.05 0.06 0.05 0.07 0.07 0.05 0.07 0.05 0.07 0.07 0.07 0.06 0.10 0.07 0.04 0.07 0.05
KO 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01
Cry,03 0.01 0.01 0.02 0.03 0.02 0.03 0.01 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.02 0.01 0.03 0.03
Total 84.40 0.53 85.64 1.52 93.76 0.42 92.51 0.48 92.47 0.67 92.26 0.77 92.71 0.65 93.35 0.68 91.43 5.44
Oxygen 14 14 11 11 11 11 11 11 11
Si 3.02 3.21 3.05 3.01 3.05 3.05 3.02 3.05 3.81
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 2.08 1.70 1.97 1.99 1.96 1.96 1.99 1.97 0.00
Fe 0.36 0.46 0.02 0.01 0.00 0.00 0.01 0.01 0.36
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 4.45 4.54 0.00 0.01 0.02 0.00 0.00 0.00 253
Ca 0.01 0.01 1.93 1.95 1.92 1.94 1.93 1.90 0.48
Na 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 9.94 9.94 6.97 6.99 6.97 6.97 6.98 6.96 7.19
Xg 0.93 0.91 0.87

Xug=Mg*/(Mg*+Fe?"), where Mg?* and Fe?* are in atoms per formula unit (a.p.f.u.).
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Amphibole

A small amount of hornblende replaces olivine at the boundaries with plagioclase (Fig. 2.18A-B).
Similar occurrence of amphibole is observed in other site of the Oman ophiolite, which may be
produced during high temperature hydrothermal alteration near the mid-ocean ridge (Bosch et al.,
2004; Manning et al., 2000). The chemical composition of amphibole minerals is shown in Table
2.6.

Prh+Chl

Fig. 2.18. Backscattered electron image of amphibole located along the olivine-plagioclase boundary
(CM1A-4772-62-67).
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Table 2.6. Chemical composition of amphibole in gabbroic rocks (in wt. %) with 1o standard deviation and calculated structural formula.

Sample CM1A-7Z1-43-45 CM1A-9Z3-26-30 CM1A-4722-62-67 CM1A-4823-10-15
Lithology Olivine gabbro Troctolite Olivine gabbro Olivine gabbro
Mineral Tremolite Hornblende Actinorite Hornblende Tremolite Hornblende Tremolite
N 8 8 3 14 1 2 3

avg. 1o avg. 10 avg. 10 avg. 10 avg. 1o avg. 10 avg. 10
Sio, 54.50 3.00 48.42 1.66 51.27 0.09 44.74 1.83 55.25 43.37 4.57 50.65 0.22
TiO, 0.02 0.02 0.22 0.10 0.46 0.05 0.05 0.03 0.00 0.01 0.01 0.01 0.02
Al,O4 1.03 1.34 8.44 2.33 2.59 0.13 13.51 1.95 2.56 19.97 9.14 6.89 0.42
FeO 3.49 0.39 5.76 0.50 4.68 0.16 5.62 0.44 2.70 4.68 0.31 4.00 0.28
MnO 0.05 0.05 0.09 0.04 0.14 0.01 0.05 0.02 0.04 0.08 0.01 0.06 0.02
MgO 24.34 2.06 18.20 0.79 15.69 0.08 17.26 0.86 22.13 9.70 9.63 20.67 0.96
CaO 10.87 2.29 12.58 0.13 22.95 0.26 12.69 0.20 13.08 17.58 5.42 12.78 0.47
Na,O 0.15 0.11 1.37 0.41 0.31 0.05 217 0.43 0.28 0.91 0.84 1.17 0.20
K,0 0.01 0.01 0.07 0.05 0.01 0.01 0.05 0.03 0.02 0.00 0.00 0.00 0.00
Cr,0,4 0.01 0.02 0.12 0.07 0.26 0.02 0.02 0.02 0.03 0.01 0.01 0.03 0.01
Total 94.48 2.17 95.27 1.59 98.34 0.10 96.16 0.50 96.08 96.31 0.80 96.26 0.29
Oxygen = 23
Si 7.74 7.00 7.35 6.44 7.72 6.22 7.7
Ti 0.00 0.02 0.05 0.01 0.00 0.00 0.00
Al 0.18 1.44 0.44 2.30 0.42 3.40 1.15
Fe 0.42 0.70 0.56 0.68 0.32 0.56 0.47
Mn 0.01 0.01 0.02 0.01 0.00 0.01 0.01
Mg 5.17 3.92 3.35 3.71 4.61 2.04 4.36
Ca 1.65 1.95 3.52 1.96 1.96 272 1.94
Na 0.04 0.38 0.08 0.61 0.07 0.25 0.32
K 0.00 0.01 0.00 0.01 0.00 0.00 0.00
Cr 0.00 0.01 0.03 0.00 0.00 0.00 0.00
Total 15.19 15.45 15.41 15.71 15.11 15.21 15.42
Xg 0.93 0.85 0.86 0.85 0.94 0.78 0.90

Xug=Mg*/(Mg*+Fe?"), where Mg?* and Fe?* are in atoms per formula unit (a.p.f.u.).
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Table 2.6. Continue of chemical composition of amphibole in gabbroic rocks (in wt. %) with 1o standard deviation and calculated structural formula.

Sample CM1A-5521-76-81 CM1A-57Z3-12-17 CM1A-5821-50-54 CM1A-113Z3-25-30
Lithology Olivine gabbro Olivine gabbro Olivine gabbro Olivine gabbro
Mineral Hornblende Tremolite Tremolite Hornblende Tremolite Tremolite
N 6 3 10 3 3 5

avg. 10 avg. 10 avg. 10 avg. 10 avg. 1o avg. 10
Sio, 45.46 1.39 56.71 0.95 52.32 4.42 45.09 0.23 58.09 0.39 55.06 1.01
TiO, 0.05 0.03 0.01 0.02 0.01 0.01 0.02 0.03 0.01 0.01 0.02 0.03
Al,O4 12.55 1.66 0.29 0.15 1.97 1.73 13.44 0.45 0.10 0.01 3.59 1.05
FeO 6.83 0.48 3.00 0.07 3.03 0.73 6.09 0.26 1.58 0.16 2.94 0.49
MnO 0.16 0.19 0.10 0.01 0.10 0.05 0.05 0.02 0.02 0.01 0.09 0.04
MgO 16.82 0.58 2212 0.72 22.00 2.52 16.53 0.26 22.97 0.04 21.89 0.46
CaO 12.13 0.49 13.83 0.34 15.57 4.94 12.61 0.09 13.37 0.17 12.71 0.23
Na,O 2.37 0.23 0.14 0.02 0.20 0.20 1.98 0.04 0.01 0.01 0.71 0.28
K;0 0.03 0.01 0.00 0.00 0.01 0.01 0.02 0.00 0.00 0.01 0.02 0.01
Cr,04 0.00 0.01 0.01 0.01 0.02 0.02 0.00 0.00 0.01 0.01 0.01 0.01
Total 96.41 0.41 96.21 1.16 95.24 3.13 95.85 0.20 96.23 0.41 97.03 0.31
Oxygen = 23
Si 6.56 7.93 7.49 6.51 8.03 7.63
Ti 0.01 0.00 0.00 0.00 0.00 0.00
Al 213 0.05 0.34 2.29 0.02 0.59
Fe 0.82 0.35 0.36 0.74 0.18 0.34
Mn 0.02 0.01 0.01 0.01 0.00 0.01
Mg 3.62 4.61 4.72 3.56 4.74 4.52
Ca 1.88 2.07 2.38 1.95 1.98 1.89
Na 0.66 0.04 0.06 0.55 0.00 0.19
K 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00
Total 15.70 15.06 15.37 15.62 14.96 15.17
X g 0.81 0.93 0.93 0.83 0.96 0.93

Xug=Mg*/(Mg*+Fe?"), where Mg?* and Fe?* are in atoms per formula unit (a.p.f.u.).
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Serpentine vein

Serpentine veins sometimes cut gabbroic rocks, and yellow-colored serpentine is found around
the serpentine veins (Fig. 2.19A). The serpentine veins have a radial crystal texture (Fig. 2.19B).
At the boundary between the yellow serpentine and the host rock, the mesh texture remains in the
yellow serpentine (Fig. 2.19C). However, the yellow serpentine near the serpentine vein has no
mesh texture (Fig. 2.19D). Yellow-color serpentine is also found around the serpentine veins (Fig.
2.19E), which cuts vertically through the layered structure of the gabbroic rocks (Fig. 2.4E). The
serpentine vein has a microstructural zoning from the host rock boundary to the vein center:
chlorite, fine-grained lizardite, core-grained lizardite, and fine-grained lizardite (Fig. 2.19F). The
serpentine veins and yellow serpentine are enriched in Al and Fe (Serpentine veins: Al,Os = 0.5-
6.7 wt. %, FeO" = 5-15 wt. %; Yellow serpentine: AlL,O3=~0.6-6.8 wt. % FeO" = ~14-16 wt. %;
Table 2.7) than the mesh textured serpentine (FeO" = ~3-4 wt. %, AlLOs=~ 0.02-0.03wt. %).

Raman spectra of serpentine veins show peaks at 124.21, 186.72, 226.89, 380.04, 683.48,
and 3688.75 cm! (Fig. 2.20). The peaks above 3600 cm! are attributed to OH bound to octahedral
sites occupied by varying proportions of Mg and Fe, which are dominant in serpentine and
talc(Reynard et al., 2015). The presence of a peak near 380 cm! indicates that it is a serpentine
mineral (Groppo et al., 2006). Lizardite and polyhedral serpentine are difficult to distinguish due
to similar peaks, but the crystal texture similar to polyhedral serpentine (Fig. 2.19E, Andreani et
al., 2008). The yellow serpentine has Raman peaks at 118.67-126.05, 221.43-225.07, 374.69-
380.04, 680.07-685.19, and 3683.59-3685.66 cm™!, similar to lizardite. However, the peak at
~3683 cm™ is broader than lizardite, indicating low crystallinity. The serpentine veins that
vertically cut the layered structure (Figs. 2.4E, 2.19E, and 2.19F) have similar Raman peaks for
the fine-grained lizardite near the boundary with the host rock, the larger-grained lizardite, and
the fine-grained lizardite at the center of the vein (Fig. 2.19F), although the serpentine with larger
crystals has a peak at 3690.82 cm™! which caused by effect of the crystal orientation anisotropy
(Compagnoni et al., 2021).

59



R
100 pm

Fig. 2.19. Optical microscope photographs of serpentine veins in gabbroic rocks and Al- and Fe-rich yellow
color serpentine under plane polarized light and crossed polarized light. (A)Al and Fe rich serpentine vein
cut host rock (CM1A-55Z1-76-81). (B)Close up view of the serpentine vein with a radial texture. (C)Mesh
texture partly overwritten by the Al- & Fe-rich serpentine. (D)Mesh texture completely overwritten by Al-
& Fe-rich serpentine. (E)Serpentine vein oriented vertically relative to the layered structure of the gabbro
(See Fig.2.2E; OM230111P4-1). (F)Close up view of the serpentine vein shows structural zoning texture.
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Fig. 2.20. Raman spectra of serpentine veins in gabbroic rocks and yellow color Al- and Fe-rich serpentine
near the serpentine veins. (A)Serpentine vein from CM1A-55Z1-76-81. (B)Serpentine vein centre,
(C)coarse serpentine crystal, (D)fine serpentine crystal from OM230111P4-1. (E)Yellow color Al- and Fe-
rich serpentine from CM1AS55Z1-76-81. (F)Yellow color Al- and Fe-rich serpentine from OM230111P4-1.
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Table 2.7. Chemical composition of serpentine vein in gabbroic rocks (in wt. %) with 1c standard deviation and calculated structural formula.

Sample C5707A-5521-76-81 OM230111P4-1
Lithology Olivine gabbro Olivine gabbro
Mineral Serpentine Serpentine Serpentine Serpentine Serpentine
Type Vein Selvage mesh rim Selvage mesh core Selvage Vein
N 29 10 30 5 20

avg. 10 avg. 1o avg. 10 avg. 10 avg. 1o
Sio, 40.45 0.39 41.93 0.44 39.62 0.57 38.22 0.36 38.35 0.65
TiO, 0.01 0.02 0.02 0.02 0.01 0.02 0.06 0.04 0.03 0.03
AlL,Oq 0.54 0.19 0.07 0.08 0.62 0.55 2.27 0.16 5.47 0.82
FeO 15.45 1.32 222 0.51 13.77 1.69 6.65 0.32 4.46 0.75
MnO 0.21 0.09 0.02 0.02 0.15 0.06 0.12 0.02 0.06 0.04
MgO 27.89 0.92 40.42 0.61 26.89 1.25 26.40 0.74 36.42 1.02
CaO 0.33 0.06 0.08 0.04 0.68 0.05 0.14 0.01 0.02 0.01
Na,O 0.04 0.06 0.04 0.05 0.04 0.05 0.02 0.03 0.02 0.03
K,0 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.00 0.01
Cr,04 0.01 0.01 0.01 0.02 0.01 0.02 0.05 0.02 0.01 0.02
Total 84.95 0.92 84.81 0.81 81.81 0.92 73.95 1.41 84.86 1.09
Oxygen 7 7 7 7 7
Si 2.07 2.01 2.09 213 1.86
Ti 0.00 0.00 0.00 0.00 0.00
Al 0.03 0.00 0.04 0.15 0.31
Fe 0.66 0.09 0.61 0.31 0.18
Mn 0.01 0.00 0.01 0.01 0.00
Mg 212 2.88 2.1 2.19 2.63
Ca 0.02 0.00 0.04 0.01 0.00
Na 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00
Total 4.92 4.99 4.90 4.80 4.99
Xug 0.76 0.97 0.78 0.88 0.94

Xug=Mg*/(Mg*+Fe?"), where Mg?* and Fe?* are in atoms per formula unit (a.p.f.u.).
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Prehnite vein

Prehnite veins are observed in highly altered gabbros. In the highly altered gabbro, olivine and
plagioclase are completely altered to prehnite and/or chlorite. On the other hand, the
clinopyroxene is relatively fresh (Fig. 2.21A). The prehnite veins are composed of course-graine
prehnite (~50-500 um; Fig. 2.21B). The composition of the prehnite in the veins is similar to that
of the plagioclase-substituted host prehnite. Prehnite veins are commonly observed in the Oman
Ophiolite (Zhang et al., 2021).

: T R 000 um
Fig. 2.21. Optical microscope photographs of prehnite vein in the gabbroic rock under plane polarized light
and crossed polarized light (CM1A-51Z4-72-77). (A)Prehnite vein cut host rock. (B)Close up view of the
prehnite vein. The prehnite filling the vein have large crystal size of ~50-500 pm.
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2.6.2. Dunites

Although dunite is originally >90% olivine, the dunites from the CM site are almost completely
serpentinized and homogeneous in structure. X-ray CT images show a vein network at a wide
range of depths in the samples (Fig. 2.22). The serpentinized dunite is composed of serpentine,
brucite, magnetite and Cr-spinels. Only a few samples contain olivine (CM1A-58Z1-50-54 and
CM2B-56Z3-51-56), and these relict olivine have Xy of 0.91 (Table 2.8), which is generally
consistent with values from previous studies (Abily and Ceuleneer, 2013). The protolith mineral
mode, determined from the relict olivine composition and bulk rock composition, indicates that
these dunites are composed of olivine = 94.2 + 3.7 (wt. %).

Multi-stage mineral veins are observed in the dunite (Fig. 2.23). Antigorite + chrysotile
veins cut the host rock. The width of the antigorite + chrysotile veins vary from ~100 um to 6.0
mm (Fig. 2.23). Second generation magnetite veins cut the antigorite + chrysotile vein and the
host rock. Third-generation chrysotile veins cut the entire texture and develop in a direction
perpendicular to the antigorite and magnetite veins. Secondary minerals are described in detail

below.
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Fig. 2.22. Photograph and X-ray CT image of dunites from OmanDP CM site. z increases with depth within
the hole. The dark color parts in photographs are mainly composed of serpentinized olivine. The white color
parts mainly composed of plagioclase. White color allows shows the positions of thin section.
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Fig. 2.23. Thin section image of the dunites under plain polarized light and crossed polarized light. (A) CM1A-70Z2-26-31, (B) CM1A-80Z1-26-31, (C) CM1A-90Z2-
48-53, (D) CM1A-107Z2-5-10, (E) CM1A-137Z3-46-54, (F) CM2B-13Z3-7-12, (G) CM2B-1573-38-43, (H) CM2B-54Z1-29-34, (I) CM2B-59Z4-11-16. Ol = olivine,

Pl = plagioclase, Cpx = clinopyroxene, Mag = magnetite, Chl = chlorite. Scale bar = 5 mm.

66



Table 2.8. Chemical composition of primary minerals in dunite (in wt. %) with 1o standard deviation and calculated structural formula.

Sample CM2B-5471-29-34 CM2B-5673-51-56 CM1A-80Z1-26-31 CM1A-90Z2-48-53 CM1A-107Z2-5-10 CM2B-13Z3-7-12 CM2B-16Z2-34-35 CM2B-5471-29-34 CM2B-5673-51-56
Lithology Dunite Dunite Dunite Dunite Dunite Dunite Dunite Dunite Dunite
Mineral Olivine Olivine Cr-spinel Cr-spinel Cr-spinel Cr-spinel Cr-spinel Cr-spinel Cr-spinel
N 19 8 6 20 10 6 21 6 8

avg. 10 avg. 10 avg. 1o avg. 10 avg. 10 avg. 1o avg. 10 avg. 10 avg. 10
SiO, 40.67 0.44 40.88 0.36 0.01 0.01 0.13 0.41 0.01 0.03 0.00 0.00 0.02 0.03 0.02 0.03 0.02 0.03
TiO, 0.01 0.02 0.01 0.01 0.46 0.03 0.54 0.05 0.34 0.02 0.42 0.05 0.66 0.30 0.66 0.05 0.52 0.06
AlL,O; 0.00 0.01 0.02 0.02 21.05 0.28 20.04 0.92 33.79 0.60 20.80 0.67 20.60 2.33 21.47 0.26 21.50 0.39
FeO 9.18 0.26 8.59 0.22 22.61 0.44 21.39 0.60 24.33 0.45 26.56 0.46 27.65 0.86 21.74 0.88 21.30 0.79
MnO 0.15 0.04 0.15 0.06 0.31 0.10 0.29 0.06 0.30 0.06 0.35 0.04 0.33 0.09 0.34 0.09 0.30 0.08
MgO 50.17 0.69 50.35 0.53 11.36 0.22 12.54 0.79 12.63 0.38 10.64 0.19 10.87 1.13 11.17 0.33 11.67 0.60
Ca0 0.07 0.01 0.06 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.01
Na,0O 0.04 0.05 0.01 0.02 0.07 0.06 0.06 0.09 0.05 0.06 0.06 0.05 0.03 0.06 0.03 0.04 0.01 0.03
KO 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00
Cry,03 0.02 0.02 0.02 0.03 43.65 0.37 43.50 1.23 29.83 0.37 40.61 0.65 39.61 1.88 43.10 0.13 43.94 0.23
Total 100.32 1.02 100.23 0.92 99.52 0.37 98.50 0.97 101.29 0.90 99.68 0.60 99.85 0.88 98.54 0.60 99.32 0.36
Oxygen 4 4 4 4 4 4 4 4 4
Si 0.99 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ti 0.00 0.00 0.01 0.01 0.01 0.01 0.02 0.02 0.01
Al 0.00 0.00 0.79 0.76 1.18 0.79 0.78 0.81 0.80
Fe 0.19 0.17 0.60 0.57 0.60 0.72 0.75 0.58 0.56
Mn 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Mg 1.82 1.83 0.54 0.60 0.56 0.51 0.52 0.53 0.55
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 1.10 1.10 0.70 1.04 1.01 1.09 1.10
Total 3.01 3.00 3.05 3.06 3.05 3.08 3.09 3.04 3.04
Xwg 0.91 0.91 0.47 0.51 0.48 0.42 0.41 0.48 0.49
Xer 0.58 0.59 0.37 0.57 0.56 0.57 0.58

Xug=Mg*/(Mg*+Fe?"), where Mg?* and Fe?* are in atoms per formula unit (a.p.f.u.). Xe=Mg?*/(Mg?*+Fe*"), where Mg?" and Fe*" are in atoms per

formula unit (a.p.f.u.).
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Serpentinite

Mesh textures occur in both partially and completely serpentinized dunite (Fig. 2.24A-D). The
mesh rims are composed of a mixture of lizardite and brucite, often cut by transparent veins with
20-40 um width, which composed of chrysotile, brucite, and relatively coarse-grained magnetite
with size of several tens micrometers (Fig. 2.24B and D). In the partially serpentinized dunite,
from the boundary between the olivine and serpentinized mesh rim to the mesh rim, regions
composed of (1)lizardite, (2)lizardite and brucite, (3)chrysotile, and (4)brucite and magnetite are
observed ( Fig. 2.25A-D). Similar microtextures are found in other ophiolitic peridotites (Miyoshi
et al., 2014; Schwarzenbach ef al., 2016). In completely serpentinized dunite, the mesh core is
composed of lizardite & brucite, with a layered structure of brucite-rich and serpentine-rich areas
toward the mesh rim (Fig. 2.26A-D). The mesh rim is composed of brucite and magnetite, with
both sides composed of chrysotile (Fig. 2.26D). The Si versus Mg+Fe plot shows that the mesh
rim is a mixture of serpentine and brucite (Fig. 2.27A). The X, of serpentine and brucite in mesh
rim obtained from the Si versus Mg+Fe plots are 0.96-0.97 and 0.72-0.90, respectively (Table
2.9). The mesh core serpentine and brucite shows Xy, of 0.95-0.98 and 0.76-0.94, respectively.

The Raman spectra of transparent veins in the mesh rim of the completely and partly
serpentinized dunites show similar peaks of 127.90-129.74, 226.69-228.71, 381.82-385.39,
686.89-690.30, 1099.46-1104.25, and 3686.69-3699.06 cm™ and 3638.93-3641.02 cm™' (Fig.
2.28A and B), which correspond to the peaks of chrysotile and brucite, respectively (Groppo et
al., 2006). The Raman spectra of the mesh rim both side of the transparent vein of the completely
and partly serpentinized dunites shows peaks of liardite at 127.90-129.74, 226.89-228.71, 380.04-
383.61, 683.48-686.89, 3682.56-3684.63, and 3702.14-3701.12 cm™! with weak peaks of brucite
at 435.09 and 3638.93-3636.84 cm™!. The mesh core of the completely serpentinized dunite shows
peaks of lizardite at 129.74, 226.89, 380.04, 686.89, 3684.63, and 3701.12 cm™..
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Fig. 2.24.

B, F Wi A A 500 pm P \ 00 ym
Optical microscope photographs of partly and completely serpentinized dunite under plane
polarized light and crossed polarized light. (A) Mesh texture of partly serpentinized dunite (CM2B-56Z3-

51-56). (B) Close up view of the mesh texture. (C) Mesh texture of completely serpentinized dunite (CM2B-
1672-30-35). (D) Closer up view of the mesh texture. Ol=olivine, Cr-sp=Cr spinel.
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Intensity

Fig. 2.25. Element mapping of the mesh texture of partly serpentinized dunite (CM2B-56Z3-51-56) for Si,
Mg, and Fe (A-C). (D) Three element composite map of Si (Green), Mg (Blue), and Fe (Red). Ol=olivine,
Srp = serpentine, Brc = brucite, Mag = magnetite.

| _F'
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Intensity

Fig. 2.26. Element mapping of the mesh texture of completely serpentinized dunite (CM2B-1373-7-12) for
Si, Mg, and Fe (A-C). (D) Three element composite map of Si (Green), Mg (Blue), and Fe (Red). Srp =
serpentine, Brc = brucite, Mag = magnetite.
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Table 2.9. Chemical composition of serpentine and brucite in dunite (in wt. %) with 1c standard deviation and calculated structural formula.

Sample CM1A-70Z2-26-31 CM1A-80Z1-26-31 CM1A-90Z2-48-53 CM1A-107Z2-5-10 CM2B-13Z3-7-12
Lithology Dunite Dunite Dunite Dunite Dunite
Mineral Srp Srp+Brc Brc+Srp Srp Srp+Brc Srp+Brc Srp Srp+Brc Srp+Brc
Type Mesh rim Mesh core Mesh rim Mesh core Mesh rim Mesh core Matrix Mesh rim Mesh core
N 10 20 20 10 35 50 20 46 11

avg. 10 avg. 10 avg. 10 avg. 10 avg. 10 avg. 10 avg. 10 avg. 1o avg. 10
SiO, 40.36 0.53 33.53 713 9.61 13.85 41.50 0.38 36.06 12.15 32.11 9.13 41.52 0.42 32.13 14.32 16.97 2.81
TiO, 0.02 0.02 0.02 0.03 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.02 0.02 0.03 0.01 0.02 0.01 0.03
AlL,O3 0.03 0.05 0.02 0.03 0.01 0.01 0.02 0.03 0.01 0.02 0.01 0.02 0.30 0.48 0.01 0.02 0.01 0.02
FeO 2.55 0.31 6.36 3.56 10.75 3.81 2.46 0.54 3.50 3.85 6.33 3.80 215 0.29 5.26 4.21 14.23 1.48
MnO 0.06 0.04 0.19 0.13 0.34 0.15 0.07 0.06 0.11 0.11 0.19 0.16 0.12 0.06 0.07 0.07 0.32 0.11
MgO 39.06 0.35 42.11 3.44 60.08 9.37 40.23 0.45 42.38 7.33 43.89 4.92 40.46 0.61 45.48 9.52 49.61 1.08
Ca0 0.04 0.01 0.33 0.62 0.05 0.05 0.09 0.01 0.09 0.12 0.08 0.05 0.06 0.02 0.03 0.02 0.11 0.02
Na,0O 0.03 0.03 0.02 0.03 0.02 0.03 0.01 0.02 0.02 0.03 0.02 0.03 0.03 0.04 0.01 0.03 0.04 0.05
K,O 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00
Cry,03 0.00 0.00 0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.01 0.02 0.01 0.02 0.01 0.01
Total 82.14 0.56 82.61 1.72 80.88 2.19 84.41 0.72 82.21 1.75 82.68 1.91 84.67 0.69 83.13 1.30 81.64 0.69
Oxygen 7 7 1 7 7 7 7 7 7
Si 2.00 1.72 0.07 2.00 1.78 1.64 1.99 1.59 0.98
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00
Fe 0.11 0.28 0.08 0.10 0.16 0.28 0.09 0.24 0.69
Mn 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.02
Mg 2.89 3.26 0.77 2.89 3.26 3.42 2.89 3.57 4.31
Ca 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 5.00 528 0.93 5.00 522 5.36 5.00 5.41 6.02
Xsm 0.86 0.25 0.89 0.82 0.80 0.49
X g of Srp 0.96 0.96 0.97 0.95 0.97 0.96 0.97 0.96 0.98
X g of Bre 0.82 0.90 0.89 0.85 0.89 0.81

Srp=serpentine, Brc = brucite. Xy,=Mg>"/(Mg>*+Fe?"), where Mg?" and Fe?" are in atoms per formula unit (a.p.f.u.).

71



Table 2.9. Continue of chemical composition of serpentine and brucite in dunite (in wt. %) with 1c standard deviation and calculated structural formula.

Sample CM2B-16Z2-34-35 CM2B-5471-29-34 CM2B-56Z3-51-56 CM2B-5974-11-16
Lithology Dunite Dunite Dunite Dunite
Mineral Srp+Brc Srp+Brc Srp+Brc Srp+Brc Srp Srp+Brc Srp+Brc
Type Mesh rim Mesh core Mesh Mesh rim Mesh core Mesh rim Mesh core
N 125 75 75 45 10 33 19

avg. 10 avg. 10 avg. 1o avg. 10 avg. 1o avg. 10 avg. 1o
SiO, 33.85 7.46 37.65 4.88 36.35 4.08 36.38 4.20 40.82 0.36 38.67 0.69 36.13 2.50
TiO, 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.02 0.01 0.02
AlL,O,3 0.03 0.04 0.03 0.04 0.23 0.19 0.21 0.41 0.25 0.04 0.04 0.04 0.05 0.04
FeO 5.92 3.33 5.18 2.36 5.24 1.72 5.21 2.06 3.52 0.15 3.62 0.50 5.41 1.50
MnO 0.13 0.11 0.12 0.09 0.10 0.07 0.08 0.06 0.04 0.03 0.11 0.06 0.15 0.10
MgO 42.48 4.14 39.54 2.59 42.66 2.93 41.99 249 39.73 0.50 39.06 0.54 38.87 1.23
Ca0 0.09 0.03 0.12 0.03 0.11 0.04 0.13 0.04 0.20 0.02 0.22 0.02 0.23 0.1
Na,O 0.03 0.04 0.03 0.04 0.03 0.04 0.03 0.04 0.02 0.02 0.03 0.05 0.05 0.08
K,O 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.01
Cr03 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.01 0.01 0.02 0.02 0.01 0.01
Total 82.61 2.01 82.71 1.27 84.75 2.48 84.09 1.69 84.59 0.64 81.79 0.89 80.93 1.22
Oxygen 7 7 7 7 7 7 7
Si 1.72 1.89 1.80 1.81 1.98 1.95 1.87
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.00 0.00 0.01 0.01 0.01 0.00 0.00
Fe 0.26 0.22 0.22 0.22 0.14 0.15 0.24
Mn 0.01 0.01 0.00 0.00 0.00 0.00 0.01
Mg 3.27 2.98 3.15 3.13 2.87 2.93 3.00
Ca 0.00 0.01 0.01 0.01 0.01 0.01 0.01
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.01
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 5.28 5.1 5.20 5.18 5.02 5.05 5.13
Xsm 0.86 0.95 0.90 0.91 0.97 0.93
X g Of Srp 0.96 0.94 0.95 0.96 0.95 0.96 0.95
X g Of Brc 0.84 0.83 0.87 0.84 0.72 0.76

Srp=serpentine, Brc = brucite. Xy,=Mg>"/(Mg>*+Fe?"), where Mg?" and Fe?" are in atoms per formula unit (a.p.f.u.).
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Fig. 2.27. Si versus Mg+Fe plot of serpentinized dunite.
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Fig. 2.28. Raman spectra of serpentine and brucite in dunite (A) Center of the mesh rim with relict olivine
(CM2B-56Z3-51-56). (B) Center of the mesh rim of completely serpentinized dunite (CM2B-16Z2-30-35).
(C) Mesh rim of partly serpentinized dunite (CM2B-56Z3-51-56). (D) Mesh rim of partly serpentinized
dunite (CM2B-16Z2-30-35). (E) Mesh core of completely serpentinized dunite (CM2B-16Z2-30-35). Lz =
lizardite, Ctl = chrysotile, Brc = brucite.
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Serpentine vein

Three types of serpentine veins were identified in the dunite: antigorite = chrysotile vein, lizardite
vein, and chrysotile veins that cutting them (Fig. 2.29). The later stage chrysotile veins cut
perpendicular to the antigorite + chrysotile and lizardite veins (Fig. 2.29). Antigorite veins are cut
by magnetite veins (Fig. 2.29C). Brucite-rich reaction zones are observed on both sides of some

antigorite + chrysotile veins (Fig. 2.30). In the reaction zone, the matrix mesh texture is replaced

by brucite over several millimeters, with preserving the mesh texture.

L : B ", 20am | = . 500 pm

Fig. 2.29. Optical micrographs of serpentine veins in dunite. (A) Antigorite + chrysotile veins (CM1A-
90Z2-48-53). (B) Close up view of antigorite + chrysotile veins. (C) Crosscut relationship between
antigorite and magnetite veins (CM1A-107Z2-5-10). Atg = antigorite, Ctl = chrysotile, Mag = magnetite,
Lz = lizardite.

2 mm

A X

e
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Fig. 2.30. Micro-XRF element mapping of dunite containing antigorite + chrysotile veins with brucite-rich
reaction zones (CM1A-9072-48-53). Brc = brucite.
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The antigorite + chrysotile vein contains fragments of host rock (Fig. 2.31A). In the antigorite +
chrysotile vein, chrysotile fills the spaces between the blade shape antigorite (Fig. 2.31B). The
antigorite+chrysotile vein is more Al-rich (Al,O3>~0.3 wt. %; Table 2.10) than the serpentine in
the mesh texture. Antigorite and chrysotile in the antigoritetchrysotile veins have similar Xy, of
0.97-0.98. Unlike antigorite veins found on the seafloor, it is not accompanied by talc (Rouméjon
et al., 2019). It also has less iron than the antigorite found in the Oman ophiolite listvenite (Falk
and Kelemen, 2015).

Raman spectra of blade-shape antigorite show a peak at 1045 cm™ characteristic of
antigorite (Fig. 2.32A). Raman spectra of chrysotile in the antigorite+chrysotile vein and later
stage chrysotile veins show a peak near 1100 cm! characteristic of chrysotile (Fig. 2.32B and D).
Brucite on both sides of the antigorite+chrysotile vein show peaks similar to the Raman peaks of
brucite reported in previous study (Debret ef al., 2019). The Raman spectrum of the mesh rim of

the brucite-rich reaction zone shows a peak at ~1100cm™, similar to chrysotile (Fig. 2.32).

Atg+Ctl vein

[ &
ok o1

: :}; PR 0t rock fragment
B :

Fig. 2.31. Backscattered electron images of the antigorite+chrysotile (Atg+Ctl) vein and lizardite vein. (A)
Atg+Ctl vein from CM1A-90Z2-48-53. (B) Close up view of the Atg+Ctl vein. Atg=antigorite,
Ctl=chrysotile, Mag=magnetite.
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Fig. 2.32. Raman spectra of serpentine veins and a reaction zone in dunite. (A) antigorite in
antigorite+chrysotile vein, (B) chrysotile in antigorite+chrysotile vein, (C) lizardite vein, (D) chrysotile
vein, (E) brucite in the reaction zone, (F) chrysotile in the reaction zone.
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Table 2.10. Chemical composition of serpentine veins and reaction zone in dunite (in wt. %) with 1o standard deviation and calculated structural formula.

Sample C5707A-70Z2-26-31 C5707A-80Z1-26-31
Lithology Dunite Dunite
Mineral Atg Ctl Brc Ctl+Brc Atg Ctl Brc Ctl
Type Atg+Ctl vein Atg+Ctl vein Reaction zone Reaction zone Atg+Ctl vein Atg+Ctl vein Reaction zone Reaction zone
N 13 10 17 6 29 10 21 22

avg. 1o avg. 10 avg. 10 avg. 10 avg. 10 avg. 10 avg. 10 avg. 10
SiO, 42.64 0.42 39.43 2.71 4.61 3.16 30.19 6.51 43.24 0.52 42.28 0.34 0.92 1.87 41.45 1.54
TiO, 0.03 0.03 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.01 0.01 0.01 0.02
Al,O3 0.66 0.14 0.07 0.09 0.02 0.03 0.02 0.03 0.25 0.11 0.09 0.08 0.03 0.03 0.00 0.01
FeO 2.79 0.14 3.22 1.15 15.09 5.35 6.34 2.32 2.34 0.17 2.32 0.16 16.47 6.15 2.89 1.03
MnO 0.04 0.04 0.12 0.07 0.49 0.09 0.23 0.12 0.06 0.04 0.08 0.05 0.42 0.09 0.07 0.05
MgO 38.78 0.37 39.84 2.24 62.37 3.05 44.49 4.60 39.87 0.44 40.68 0.57 63.26 2.77 40.79 1.09
CaO 0.01 0.01 0.03 0.01 0.02 0.02 0.57 0.48 0.03 0.02 0.03 0.02 0.02 0.02 0.07 0.03
Na,O 0.02 0.06 0.03 0.04 0.04 0.07 0.01 0.02 0.01 0.03 0.02 0.03 0.03 0.04 0.03 0.05
K0 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01
Cr,04 0.18 0.08 0.01 0.02 0.01 0.02 0.00 0.00 0.04 0.04 0.00 0.01 0.00 0.00 0.02 0.02
Total 85.16 0.73 82.77 1.36 82.65 4.03 81.88 1.56 85.86 0.85 85.53 0.84 81.16 4.76 85.33 1.23
Oxygen 7 7 1 7 7 7 1 7
Si 2.03 1.95 0.04 1.58 2.04 2.01 0.01 1.98
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.04 0.00 0.00 0.00 0.01 0.01 0.00 0.00
Fe 0.11 0.13 0.11 0.28 0.09 0.09 0.12 0.12
Mn 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Mg 2.75 2.94 0.81 3.51 2.80 2.88 0.86 2.91
Ca 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 4.95 5.05 0.96 5.42 4.95 4.99 0.99 5.02
Xsrp 0.79
X g Of Srp 0.96 0.96 0.95 0.95 0.95 0.95
X g Of Brc 0.88 0.88 0.87

Atg=antigorite, Ctl=chrysotile, Brc = brucite. Xy,=Mg>"/(Mg?*+Fe*"), where Mg?" and Fe?" are in atoms per formula unit (a.p.f.u.).
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Table 2.10. Continue of chemical composition of serpentine veins and reaction zone in dunite (in wt. %) with 1o standard deviation and calculated structural formula.

Sample C5707A-9022-48-53 C5708B-1323-7-12 C5708B-59Z4-11-16
Lithology Dunite Dunite Dunite
Mineral Atg Ctl Brc Ctl Atg Ctl Ctl Srp Brc
Type Atg+Ctl vein Atg+Ctl vein Reaction zone Reaction zone Atg+Ctl vein Atg+Ctl vein Vein Selvage with magnetite vein
N 32 9 52 24 17 3 6 30 14

avg. 10 avg. 10 avg. 10 avg. 1o avg. 1o avg. 1o avg. 1o avg. 10 avg. 10
Sio, 43.73 1.32 41.76 0.78 3.88 3.25 40.57 0.67 43.78 0.69 41.79 0.20 42.32 272 40.90 0.43 2.39 2.46
TiO, 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.03 0.01 0.02 0.03 0.04 0.01 0.01 0.02 0.02 0.01 0.01
AlL,O; 0.53 0.13 0.18 0.08 0.01 0.02 0.02 0.03 0.08 0.06 0.02 0.02 0.05 0.05 0.01 0.03 0.03 0.04
FeO 1.86 0.19 1.88 0.22 13.70 3.99 2.49 0.33 227 0.21 2.25 0.04 3.08 0.98 2.35 0.15 14.76 1.46
MnO 0.03 0.03 0.04 0.05 0.42 0.09 0.07 0.05 0.03 0.03 0.05 0.03 0.09 0.07 0.06 0.04 0.44 0.07
MgO 40.18 1.23 39.50 1.1 62.59 3.02 38.94 0.46 39.23 0.60 38.37 0.51 37.27 2.33 39.68 0.46 61.17 3.05
Ca0 0.01 0.01 0.02 0.02 0.02 0.02 0.08 0.03 0.01 0.02 0.01 0.01 0.02 0.02 0.09 0.01 0.07 0.02
Na,O 0.02 0.03 0.01 0.02 0.03 0.04 0.02 0.04 0.02 0.03 0.02 0.03 0.01 0.02 0.02 0.04 0.03 0.05
K,O 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00
Cry,04 0.04 0.03 0.03 0.03 0.01 0.02 0.01 0.02 0.06 0.05 0.00 0.00 0.03 0.03 0.01 0.02 0.01 0.01
Total 86.42 2.49 83.43 1.59 80.67 274 82.22 0.90 85.52 0.92 82.54 0.56 82.88 4.05 83.14 0.74 78.91 2.1
Oxygen 7 7 1 7 7 7 7 7 1
Si 2.04 2.04 0.03 2.01 2.07 2.05 2.07 2.00 0.02
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.03 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.07 0.07 0.10 0.10 0.09 0.09 0.13 0.10 0.11
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 2.80 2.82 0.83 2.87 2.76 2.80 272 2.89 0.84
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 4.94 4.95 0.97 4.99 4.93 4.95 4.93 5.00 0.98
X g Of Srp 0.97 0.98 0.97 0.97 0.97 0.95 0.97
X g Of Brc 0.89 0.88

Atg=antigorite, Ctl=chrysotile, Brc = brucite. Xy,=Mg>"/(Mg?*+Fe*"), where Mg?" and Fe?" are in atoms per formula unit (a.p.f.u.).
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Magnetite vein

The selvage of the magnetite veins is composed of lizardite and fine-grained magnetite (Fig. 2.33).
Raman spectra show that the selvage of the magnetite veins is not containing brucite (Fig. 2.34).
Xwmg of lizardite around the magnetite veins is 0.97, while the Xu, of chrysotile veins cutting the

selvage of the magnetite veins is 0.95 (Table 2.9). The loss of brucite and associated magnetite

formation has also been observed in samples from the ophiolitic and oceanic peridotites (Frost et
al., 2013; Klein et al., 2009; Schwarzenbach et al., 2016).

Fig. 2.33. Backscattered electron images of magnetite vein in dunite (CM2B-5471-29-34).
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Fig. 2.34. Raman spectra of selvage of the magnetite vein (CM2B-68Z1-27-31).
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2.6.3. Harzburgites

Harzburgite is 70-95% serpentinized. The orthopyroxene is less serpentinized than olivine, and
orthopyroxene grains can be seen in the core photographs and X-ray CT images. Mineral vein
networks are well developed in the harzburgite, and serpentinization is especially high around the
veins (Fig. 2.35). The harzburgite contains olivine, orthopyroxene, and Cr-spinels as primary
minerals. The olivine and pyroxene have Xu, values of 0.92 and 0.91-0.92, respectively, and are
nearly homogeneous in composition (Table 2.11). Mineral mode determined from chemical
composition of the primary minerals and bulk rock compositions are olivine = 64.8 + 12.1 wt. %,
orthopyroxene 38.0 £ 15.3 wt. % (Table 2.12). The following three types of mineral veins were
observed in harzburgite (Fig. 2.36): (a) tremolite+andradite vein, (b) antigorite vein, (¢) magnetite

vein, (d) chlorite vein, and (e) chrysotile vein.
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Fig. 2.35. Photograph and X-ray CT image of harzburgites from OmanDP CM site. z increases with depth
within the hole. The dark color parts in photographs are mainly composed of serpentinized olivine. The
white color parts mainly composed of plagioclase. White color allows shows the positions of thin section.
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P

crossed polarized light. (A) CM1A-144Z4-60-68, (B) CM1A-179Z2-30-35, (C)
CM2B-6871-27-31, (D) CM2B-73Z3-64-69, (E) CM2B-77Z4-70-75, (F) CM2B-8372-8-13_, (G) CM2B-106Z3-16-21, (H) CM2B-119Z2-7-12, (I) CM2B-120Z3-8-
13. Ol = olivine, P1 = plagioclase, Opx = orthopyroxene, Mag = magnetite, Chl = chlorite. Bst=bastite.

Fig. 2.36. Thin section image of the gabbroic rocks under plain polarized light and
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Table 2.11. Chemical composition of primary minerals in harzburgite (in wt. %) with 1o standard deviation and calculated structural formula.

Sample CM1A-144Z74-60-68 CM1A-16321-12-20 CM1A-170Z1-31-39 CM2B-6821-27-31 CM2B-77Z4-70-75 CM2B-8322-8-13 CM2B-11972-7-12
Lithology Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite
Mineral Olivine Olivine Olivine Olivine Olivine Olivine Olivine
N 7 10 3 10 9 27 16

avg. 10 avg. 10 avg. avg. 10
SiO, 41.08 0.23 41.00 0.27 41.16 0.26 41.14 0.40 40.62 0.21 41.02 0.40 41.02 0.40
TiO, 0.01 0.02 0.02 0.01 0.00 0.00 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.02
AlL,O, 0.02 0.04 0.02 0.03 0.00 0.00 0.03 0.04 0.01 0.03 0.02 0.03 0.02 0.03
FeO 8.36 0.39 7.96 0.23 7.73 0.35 8.55 0.24 8.08 0.25 8.10 0.25 8.10 0.25
MnO 0.10 0.05 0.09 0.05 0.12 0.08 0.14 0.04 0.13 0.04 0.13 0.06 0.13 0.06
MgO 50.29 0.28 50.54 0.82 51.49 0.13 50.90 0.40 50.13 0.19 50.79 0.42 50.79 0.42
CaO 0.02 0.02 0.02 0.01 0.01 0.01 0.03 0.01 0.04 0.01 0.02 0.02 0.02 0.02
Na,O 0.03 0.04 0.03 0.03 0.03 0.04 0.06 0.06 0.01 0.03 0.03 0.04 0.03 0.04
KO 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01
Cr,03 0.02 0.02 0.02 0.02 0.00 0.00 0.02 0.02 0.01 0.02 0.04 0.10 0.04 0.10
Total 99.94 0.49 99.78 1.15 100.91 0.64 100.88 0.68 99.04 0.37 100.31 0.59 100.31 0.59
Oxygen 4 4 4 4 4 4 4
Si 1.00 1.00 1.74 0.99 1.00 1.00 1.00
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.17 0.16 0.27 0.17 0.17 0.16 0.16
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 1.82 1.84 3.24 1.83 1.83 1.84 1.84
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 3.00 3.00 5.26 3.01 3.00 3.00 3.00
Xwg 0.91 0.92 0.92 0.91 0.92 0.92 0.92

Xug=Mg*/(Mg*+Fe?"), where Mg?* and Fe?* are in atoms per formula unit (a.p.f.u.).
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Table 2.11. Continue of chemical composition of primary minerals in harzburgite (in wt. %) with 1o standard deviation and calculated structural formula.

Sample CM1A-14474-60-68 CM1A-16321-12-20 CM2B-7724-70-75 CM2B-83Z2-8-13 CM2B-119Z2-7-12 CM1A-5821-50-54 CM1A-14474-60-68 CM2B-5623-51-56
Lithology Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite
Mineral Orthopyroxene Orthopyroxene Orthopyroxene Orthopyroxene Orthopyroxene Clinopyroxene Clinopyroxene Clinopyroxene
N 3 6 17 22 16 3 8 6

avg. avg. 10 avg. 10 avg.
SiO, 56.79 0.34 56.56 0.26 55.59 1.18 56.55 0.68 56.18 0.38 51.60 0.32 53.17 0.24 53.05 1.14
TiO, 0.01 0.02 0.02 0.00 0.02 0.02 0.02 0.02 0.02 0.02 0.26 0.04 0.05 0.03 0.16 0.11
AlL,O3 1.89 0.02 2.06 0.06 1.94 0.21 1.49 0.64 1.88 0.18 3.12 0.09 242 0.28 1.51 1.14
FeO 5.69 0.15 5.11 0.12 4.76 1.07 5.44 0.19 5.23 0.35 4.65 0.16 2.52 0.14 213 0.46
MnO 0.11 0.07 0.13 0.03 0.15 0.07 0.15 0.04 0.14 0.06 0.07 0.05 0.06 0.03 0.08 0.03
MgO 33.99 0.25 34.30 0.26 30.84 5.78 34.61 0.80 33.95 0.32 16.33 0.22 17.89 0.39 17.80 0.34
CaO 1.43 0.02 1.44 0.11 5.35 7.86 1.08 0.79 1.90 0.38 21.78 0.10 22.16 0.34 23.41 1.45
Na,O 0.02 0.01 0.04 0.05 0.03 0.05 0.02 0.04 0.04 0.05 0.25 0.09 0.34 0.16 0.13 0.10
K,0 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01
Cr,04 0.67 0.03 0.68 0.02 0.69 0.14 0.50 0.27 0.76 0.06 0.68 0.03 1.04 0.10 0.73 0.46
Total 100.60 0.17 100.47 0.22 99.37 0.54 99.89 0.58 100.11 0.55 98.86 0.10 99.67 0.28 99.08 0.50
Oxygen 6 6 6 6 6 6 6 6
Si 1.95 1.94 1.95 1.95 1.94 1.91 1.94 1.28
Ti 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01
Al 0.08 0.08 0.08 0.06 0.08 0.14 0.10 0.08
Fe 0.16 0.15 0.14 0.16 0.15 0.14 0.08 0.05
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 1.74 1.76 1.61 1.78 1.75 0.90 0.97 0.65
Ca 0.05 0.05 0.21 0.04 0.07 0.87 0.87 0.58
Na 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.01
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.02 0.02 0.02 0.01 0.02 0.02 0.03 0.02
Total 4.00 4.01 4.00 4.01 4.01 4.01 4.01 2.67
Xwg 0.91 0.92 0.92 0.92 0.92 0.86 0.93 0.92

Xug=Mg*/(Mg*+Fe?"), where Mg?* and Fe?* are in atoms per formula unit (a.p.f.u.).
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Table 2.11. Continue of chemical composition of primary minerals in harzburgite (in wt. %) with 1o standard deviation and calculated structural formula.

Sample CM1A-14474-60-68 CM1A-16321-12-20 CM1A-170Z1-31-39 CM1A-17973-18-26 CM2B-6871-27-31 CM2B-7724-70-75 CM2B-8372-8-13 CM2B-10622-16-21
Lithology Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite
Mineral Cr-spinel Cr-spinel Cr-spinel Cr-spinel Cr-spinel Cr-spinel Cr-spinel Cr-spinel
N 9 7 6 7 10 10 7 5

avg. 1o avg. 10 avg. 10 avg. 10 avg. 10 avg. 10 avg. 10 avg. 10
SiO, 0.01 0.02 0.01 0.01 0.03 0.03 0.03 0.05 0.01 0.03 0.02 0.04 0.02 0.04 0.00 0.01
TiO, 0.07 0.02 0.03 0.03 0.17 0.08 0.04 0.03 0.05 0.02 0.03 0.03 0.01 0.01 0.05 0.03
Al,O4 24.80 0.31 27.36 0.39 19.81 8.60 27.50 0.57 19.08 0.24 22.41 0.19 23.64 0.49 25.62 0.58
FeO 21.27 0.97 19.82 0.47 30.09 9.73 14.80 0.57 23.17 0.32 18.21 0.37 23.24 0.82 21.66 0.33
MnO 0.26 0.09 0.20 0.04 0.30 0.09 0.21 0.06 0.38 0.03 0.30 0.09 0.33 0.03 0.32 0.05
MgO 11.08 0.63 11.90 0.25 9.84 3.45 14.76 0.37 9.52 0.27 12.12 0.24 10.55 0.74 11.67 0.38
CaO 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.00
Na,O 0.03 0.04 0.02 0.03 0.02 0.03 0.06 0.08 0.05 0.08 0.03 0.09 0.12 0.14 0.00 0.00
K0 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Cry0, 41.67 0.40 39.67 0.31 37.69 0.76 42.44 0.48 47.84 0.38 44.42 0.30 42.26 0.27 42.54 0.19
Total 99.33 0.54 99.19 0.64 98.45 1.67 99.84 0.56 100.09 0.70 97.56 0.48 100.26 0.67 101.88 0.78
Oxygen 4 4 4 4 4 4 4 4
Si 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.91 0.99 0.75 0.97 0.72 0.84 0.87 0.92
Fe 0.56 0.51 0.87 0.37 0.62 0.48 0.61 0.55
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Mg 0.52 0.55 0.48 0.66 0.46 0.57 0.49 0.53
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 1.03 0.97 1.00 1.00 1.22 1.12 1.05 1.02
Total 3.03 3.02 3.12 3.01 3.03 3.02 3.04 3.03
Xwmg 0.48 0.52 0.35 0.64 0.42 0.54 0.45 0.49
Xor 0.53 0.49 0.57 0.51 0.63 0.57 0.55 0.53

Xug=Mg*/(Mg*+Fe?"), where Mg?* and Fe?* are in atoms per formula unit (a.p.f.u.).
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Table. 2.12. Protolith mineral mode of harzburgites determined by bulk-rock chemistry

Mineral mode

Sample Ol (Wwt%) Opx (Wt%)

C5707A-14472-24-32 75.3 77.7 25.0 26.3
C5707A-14474-60-68 67.3 69.7 30.0 31.6
C5707A-16023-47-55 62.8 65.4 38.8 40.8
C5707A-16321-12-20 75.8 78.2 24.5 257
C5707A-17922-30-38 62.9 65.6 40.0 42.1
C5707A-17923-18-26 69.2 7.7 30.7 323
C5708B-6821-27-31 73.8 76.1 24.8 26.1
C5708B-73Z3-64-69 56.1 58.5 36.8 38.7
C5708B-7724-70-75 65.9 68.4 32.6 343
C5708B-8322-8-13 60.7 63.4 41.6 43.7
C5708B-8623-10-15 72.0 745 29.1 30.6
C5708B-90Z3-40-45 71.0 734 27.7 29.2
C5708B-90Z4-65-70 71.0 73.4 28.6 30.1
C5708B-9274-35-40 68.0 70.5 33.0 347
C5708B-9274-80-85 68.5 71.1 334 35.1
C5708B-9972-68-73 68.5 71.0 31.6 33.2
C5708B-10022-15-20 68.9 71.3 29.8 313
C5708B-10022-65-70 70.9 73.2 271 28.5
C5708B-10022-80-85 76.2 78.5 22.4 235
C5708B-10022-85-90 72.9 75.3 26.8 28.2
C5708B-10421-33-38 58.6 61.4 43.0 45.3
C5708B-10622-16-21 68.2 70.7 32.8 34.5
C5708B-10623-16-21 66.6 69.1 325 34.2
C5708B-10623-33-38 69.7 721 29.0 30.5
C5708B-10623-45-50 64.4 66.9 34.7 36.5
C5708B-11021-57-62 18.5 22.2 92.5 97.3
C5708B-11021-62-67 50.5 53.3 514 541
C5708B-11224-47-52 42.1 451 60.8 64.0
C5708B-11921-34-39 68.6 71.1 30.8 324
C5708B-11922-7-12 61.2 63.8 404 42.5
C5708B-11923-78-83 34.2 37.7 76.3 80.3
C5708B-12023-8-13 64.3 66.8 33.3 35.0
C5708B-12024-82-87 45.9 48.9 58.6 61.6
C5708B-12124-55-60 68.7 711 28.5 29.9
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Serpentinite

Olivine grains are serpentinized with a mesh texture, and a small amount of magnetite is found in the
mesh rim. Orthopyroxene is less serpentinized than olivine (Fig. 2.37). Orthopyroxene grains near
magnetite veins, tremolite veins, and antigorite veins are highly serpentinized and show a bastite texture
(Fig. 2.37). The mesh texture of the harzburgite is observed to have a distinct hierarchical structure from
the mesh rim to the mesh core: (1) type 1 rim composed of brucite+chrysotiletmagnetite (Brc+Ctl+Mag),
(2) type 2 rim composed of lizarditetchrysotile (Lz+Ctl), and (3) type 3 rim composed of
lizardite+brucite (Lz+Brc). In the elemental map, areas with low Si concentration and high Fe
concentration are regions containing a large amount of brucite, indicating a heterogeneous distribution
of brucite (Fig. 2.38). The central part of the mesh vein where magnetite is precipitated has a higher Si
concentration and lower Fe concentration than the surrounding mesh texture. Similar microstructures
are found in other ophiolite peridotites (Miyoshi ef al., 2014; Schwarzenbach et al., 2016). Serpentine
after orthopyroxene is more Fe- and Al- rich (Xm=0.91-0.92, Al,O3 = 0.69-1.2 wt. %; Table 2.13) than
the serpentine after olivine (Xmg = 0.93-0.98, Al,O3 = 0.03-0.35 wt. %; Table 2.13).

The plot of atoms per formula unit of Si versus Mg+Fe indicates that the mesh texture replacing
olivine is a mixture of serpentine and brucite (Fig. 2.39). By extrapolating the Si versus Mg+Fe line and
Si versus Mg line to the end members, Xmg of serpentine and brucite of the mesh texture are calculated
to be 0.97 and 0.72, respectively, indicating that brucite is more Fe-rich than serpentine.

The Raman spectrum of type 1 rim is characterized by peaks at 129.74,230.53, 383.61, 690.30,
1099.46, and 3695.97 cm™! corresponding to chrystile and 274.08, 438.62, 3638.93, and 3648.32 cm’!
corresponding to brucite (Fig. 2.40). The Raman spectrum of type 2 rim is characterized by peaks at
129.74, 228.71, 383.61, 690.30, 3686.69, and 3703.17 cm™! corresponding to lizardite and a small peak
at 1097.86 cm™! corresponding to chrysotile. The Raman spectrum of type 3 rim is characterized by
peaks at 131.59, 228.71,381.82, 688.60, 3681.53, and 3704.20 cm™' corresponding to lizardite and small
peaks of brucite at 440.39 and 3633.71 cm’!. The Raman spectrum of bastite is characterized by peaks
at 124.21, 223.25, 378.26, 686.89, 1094.67, and 3689.78 cm™'. The peaks at 1094.67 and 3689.78 cm’!

are similar to those of chrysotile.
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Fig. 2.37. Plain polarized light (PPL) and crossed polarized light (XPL) optical microscope photos of harzburgites.
(A) Mesh texture composed of lizardite and brucite (CM1A-144Z4-60-68). (B) Close up view of the mesh texture.

(C) Serpentinized orthopyroxene shows “bastite” texture (CM2B-68Z1-27-31).
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Fig. 2.38. Element mapping of the partly serpentinized harzburgite (CM1A-144Z4-60-68) for Si, Mg, and Fe with
close up view in the rectangle (A-C). (D)Three element composite map of Si (Green), Mg (Blue), and Fe (Red).
Ol=olivine, Srp = serpentine, Brc = brucite, Mag = magnetite.
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Fig. 2.39. (A) Si versus Mg+Fe plot. (B)Si versus Mg plot.
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Fig. 2.40. Raman spectra of mesh texture (CM1A-144Z4-60-68) and bastite(CM2B-68Z1-27-31).
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Table 2.13 Chemical composition of serpentine and brucite in harzburgite (in wt. %) with 1c standard deviation and calculated structural formula.

Sample CM1A-13723-46-54 CM1A-144Z4-60-68 CM1A-150Z1-24-32 CM1A-16321-12-20
Lithology Harzburgite Harzburgite Harzburgite Harzburgite
Mineral Srp Srp+Brc Srp+Brc Srp Srp+Brc Srp+Brc Srp+Brc
Type Mesh rim Mesh core Mesh rim After Opx Mesh rim Mesh core Mesh rim
N 15 25 95 3 15 10 70

avg. 1o avg. 10 avg. 10 avg. 1o avg. 10 avg. 10 avg. 1o
Sio, 41.45 0.40 24.62 18.30 34.15 7.50 38.82 0.89 35.41 212 39.40 0.97 34.59 3.85
TiO, 0.01 0.01 0.01 0.02 0.01 0.02 0.05 0.01 0.02 0.02 0.01 0.01 0.01 0.02
AlL,O4 0.19 0.06 0.15 0.08 0.03 0.04 1.20 0.28 0.04 0.06 0.35 0.05 0.03 0.03
FeO 1.99 0.28 4.67 2.65 7.62 4.53 6.47 0.11 5.61 1.28 3.96 0.44 7.53 3.30
MnO 0.05 0.05 0.21 0.21 0.07 0.07 0.05 0.06 0.07 0.05 0.05 0.05 0.14 0.1
MgO 40.55 0.56 53.37 14.06 42.26 4.56 36.73 0.75 41.86 1.16 39.70 0.42 41.59 2.32
Ca0o 0.09 0.01 0.07 0.03 0.21 0.28 0.85 0.48 0.23 0.09 0.38 0.03 0.16 0.06
Na,O 0.03 0.04 0.03 0.03 0.02 0.03 0.02 0.02 0.02 0.04 0.03 0.04 0.02 0.03
K;0 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.00
Cry,04 0.02 0.02 0.01 0.02 0.02 0.03 0.54 0.10 0.03 0.03 0.03 0.02 0.02 0.02
Total 84.37 0.88 83.15 1.91 84.50 4.32 84.71 0.79 83.30 1.07 83.93 0.40 84.12 213
Oxygen 7 7 7 7 7 7 7
Si 1.99 1.20 1.72 1.92 1.79 1.94 1.75
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.01 0.01 0.00 0.07 0.00 0.02 0.00
Fe 0.08 0.22 0.34 0.27 0.24 0.16 0.32
Mn 0.00 0.01 0.00 0.00 0.00 0.00 0.01
Mg 291 4.34 3.21 2.71 3.16 291 3.15
Ca 0.00 0.00 0.01 0.05 0.01 0.02 0.01
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.02 0.00 0.00 0.00
Total 5.00 5.79 5.28 5.03 5.21 5.05 5.25
Xsrp 0.60 0.86 0.90 0.97 0.88
X g of Srp 0.97 0.97 0.95 0.91 0.97 0.96 0.96
X g Of Brc 0.94 0.78 0.79 0.82 0.74

Xug=Mg*/(Mg*+Fe?"), where Mg?* and Fe?* are in atoms per formula unit (a.p.f.u.).
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Table 2.13 Continue of chemical composition of serpentine and brucite in harzburgite (in wt. %) with 1o standard deviation and calculated structural formula.

Sample CM1A-170Z1-31-39 CM1A-179Z3-18-26 CM2B-6821-27-31 CM2B-77Z4-70-75 CM2B-8372-8-13 CM2B-11922-7-12
Lithology Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite
Mineral Srp+Brc Srp Srp+Brc Srp+Brc Srp Srp+Brc Srp Srp+Brc
Type Mesh rim Matrix Mesh Mesh After Opx Mesh After Opx Mesh
N 17 41 52 10 72 134 36 78

avg. 10 avg. 10 avg. 10 avg. 10 avg. 10 avg. 10 avg. 10 avg. 10
SiO, 34.70 3.29 42.03 0.52 36.15 2.86 36.14 217 37.70 3.07 35.72 3.15 38.74 0.92 38.27 3.68
TiO, 0.01 0.02 0.02 0.02 0.01 0.02 0.01 0.02 0.02 0.02 0.01 0.01 0.02 0.03 0.01 0.02
AlL,O3 0.09 0.08 0.27 0.11 0.03 0.04 0.16 0.13 0.69 0.46 0.04 0.06 1.02 0.24 0.08 0.09
FeO 5.35 0.84 1.64 0.21 5.30 2.00 5.43 0.90 5.75 0.87 6.62 3.72 5.59 0.30 4.61 2.51
MnO 0.05 0.04 0.06 0.04 0.06 0.05 0.10 0.08 0.12 0.07 0.11 0.07 0.14 0.07 0.07 0.06
MgO 41.90 3.43 39.89 0.98 41.06 2.67 39.55 1.21 36.48 2.84 40.71 1.83 36.37 0.68 40.10 1.36
CaO 0.07 0.04 0.02 0.01 0.20 0.14 0.17 0.06 0.71 0.74 0.18 0.06 0.78 0.51 0.03 0.02
Na,O 0.02 0.04 0.02 0.04 0.03 0.04 0.04 0.07 0.03 0.05 0.02 0.03 0.03 0.05 0.02 0.04
KO 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.01
Cr,04 0.02 0.02 0.03 0.03 0.01 0.02 0.02 0.03 0.41 0.34 0.02 0.02 0.64 0.17 0.02 0.03
Total 82.61 1.18 83.99 1.26 82.86 2.62 81.64 0.75 81.91 3.36 83.54 2.39 83.38 1.26 83.21 1.27
Oxygen 7 7 7 7 7 7 7 7
Si 1.78 2.02 1.83 1.85 1.92 1.81 1.94 1.90
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.01 0.02 0.00 0.01 0.04 0.00 0.06 0.00
Fe 0.23 0.07 0.23 0.23 0.25 0.28 0.23 0.19
Mn 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00
Mg 3.20 2.86 3.10 3.03 2.78 3.08 2.71 2.98
Ca 0.00 0.00 0.01 0.01 0.04 0.01 0.04 0.00
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.02 0.00 0.03 0.00
Total 522 4.97 5.17 5.14 5.05 5.19 5.02 5.09
Xsmp 0.89 0.91 0.93 0.90 0.95
X g Of Srp 0.93 0.98 0.96 0.94 0.92 0.98 0.92 0.96
X g Of Brc 0.94 0.79 0.84 0.65 0.76

Xug=Mg*/(Mg*+Fe?"), where Mg?* and Fe?* are in atoms per formula unit (a.p.f.u.).
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Talc and tremolite

Talc and tremolite are found at the boundary between olivine and orthopyroxene (Fig. 2.41
and Fig. 2.38D). Veins of talc and serpentine also cut the orthopyroxene (Fig. 2.41B). Compared to talc

in gabbroic rocks, talc in harzburgite is enriched in Mg (Xumg = 0.97-0.98). The Xy, of tremolite is 0.90-
0.94. The Raman spectrum of talc shows characteristic peaks of talc at 192.21, 225.07, 358.62, 673.24,
3675.32 cm’! (Fig. 2.42). The small peaks at 225.07, 380.04 and 3686.69 cm™! correspond to a small

amount of serpentine.

4

Fig. 2.41. Optical micrographs of talc and tremolite in harzburgite. (A)Talc (CM2B-120Z3-8-13). (B)Vein of talc
and serpentine cut through orthopyroxene grain (CM2B-83Z2-8-13). (C)Talc and tremolite (CM2B-83Z2-8-13).
Ol = olivine, Opx = orthopyroxene, Tlc = talc, Srp = serpentine, Atg = antigorite, Tr = tremolite, Mag = magnetite.
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Fig. 2.42. Raman spectra of talc and tremolite in a harzburgite (CM2B-83Z2-8-13).
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Table 2.14 Chemical composition of talc and amphibole in harzburgite (in wt. %) with 1o standard deviation and calculated structural formula.

Sample CM1A-16321-12-20 CM2B-8322-8-13 CM1A-144Z4-60-68 CM1A-144Z24-60-68 CM1A-16321-12-20 CM2B-8322-8-13
Lithology Harzburgite Harzburgite Harzburgite Harzburgite Harzburgute Harzburgite
Mineral Talc Talc Tremolite Actinolite Tremolite Tremolite Tremolite Tremolite

Matrix Matrix Matrix Matrix Vein Matrix Matrix Vein
N 3 16 2 2 19 7 9 31

avg. 1o avg. 10 avg. 10 avg. 10 avg. 10 avg. 10 avg. 10 avg. 10
Sio, 59.77 0.82 58.43 1.85 55.80 0.18 56.79 0.16 57.17 0.72 52.30 212 54.34 4.22 54.95 2.68
TiO, 0.01 0.00 0.01 0.02 0.05 0.01 0.00 0.00 0.02 0.02 0.02 0.01 0.03 0.03 0.07 0.09
Al,O4 1.83 0.43 1.07 0.42 2.05 0.01 1.30 0.03 0.88 0.50 5.12 1.58 3.58 3.68 2.00 2.24
FeO 1.33 0.12 1.99 0.35 1.73 0.09 6.18 0.12 1.91 0.15 2.69 0.27 2.44 0.77 1.90 0.53
MnO 0.03 0.01 0.02 0.03 0.00 0.00 0.06 0.04 0.05 0.05 0.03 0.03 0.07 0.04 0.05 0.04
MgO 30.61 0.40 30.83 0.60 22.63 0.10 26.11 0.42 23.07 0.46 21.95 1.23 22.55 1.71 23.36 1.58
Ca0 0.11 0.12 0.06 0.03 12.95 0.08 5.20 0.12 13.03 0.24 11.71 0.55 1217 0.82 12.11 1.03
Na,O 0.51 0.10 0.11 0.09 0.24 0.02 0.31 0.06 0.20 0.14 1.33 0.38 0.86 0.89 0.48 0.50
K0 0.00 0.00 0.02 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.03 0.05 0.01 0.02
Cry03 0.69 0.04 0.46 0.13 1.04 0.04 0.15 0.03 0.09 0.13 1.35 0.33 0.85 0.64 0.43 0.43
Total 95.04 0.61 93.02 1.18 96.50 0.11 96.22 0.45 96.50 0.67 96.58 0.68 97.03 0.40 95.36 1.18
Oxygen 11 11 23 23 23 23 23 23
Si 3.85 3.84 7.74 7.86 7.91 7.36 7.54 7.7
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Al 0.14 0.08 0.34 0.21 0.14 0.81 0.60 0.33
Fe 0.07 0.11 0.20 0.72 0.22 0.31 0.28 0.22
Mn 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.01
Mg 2.94 3.03 4.68 5.39 4.76 4.62 4.66 4.89
Ca 0.01 0.00 1.92 0.77 1.93 1.75 1.81 1.82
Na 0.06 0.01 0.06 0.08 0.05 0.35 0.24 0.13
K 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Cr 0.03 0.02 0.11 0.02 0.01 0.14 0.09 0.05
Total 7.10 7.1 15.06 15.06 15.04 15.34 15.24 15.16
X g 0.98 0.97 0.96 0.88 0.96 0.94 0.94 0.96

Xug=Mg*/(Mg*+Fe?"), where Mg?* and Fe?* are in atoms per formula unit (a.p.f.u.).
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Serpentine vein

Antigorite veins cut the mesh texture, and both sides of the antigorite vein are highly
serpentinized with mesh texture (Fig. 2.43). Part of the orthopyroxene grain in contact with the antigorite
vein is highly serpentinized (Fig. 2.43). Antigorite vein also cuts tremolite-talc textures (Fig. 2.41C).
Antigorite crystals extends perpendicular to the vein at the boundary with the host rock. The center of
the vein composed of randomly oriented antigorite crystals (Fig. 2.43B). The chrysotile vein cuts in a
direction perpendicular to the antigorite vein (Fig.2.43B). The antigorite vein is relatively rich in Al
(A1203=0.08-0.59 wt. %; Table 2.15) than mesh texture serpentine and Xwg is 0.92-0.97. Chrysotile veins

cutting antigorite veins are relatively Fe-rich (Xum, = 0.88-0.91). Raman spectra of the antigorite veins

show a characteristic peak of antigorite at 1049.76 cm-1 (Fig. 2.44A). Chrysotile veins show a
characteristic peak of chrysotile at 1107.44 cm-1 (Fig. 2.44B).

.‘:: h

100 pm Sl 100 pm

4 A " #5

Fig. 2.43. Optical micrographs of antigorite veins in harzburgite (CM2B-77Z4-70-75). (A) Antigorite veins cut
mesh texture host rock and a orthopyroxene grain. (B) Close up view of the antigorite vein. Antigorite crystals
extends perpendicular to the vein at the boundary with the host rock. The center of the vein shows randomly
oriented antigorite crystals. Ol = olivine, Opx = orthopyroxene, Atg = antigorite, Ctl = chrysotile.
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Fig. 2.44. Raman spectra of the serpentine veins and the selvage of the veins (CM2B-77Z4-70-75). (A)antigorite
vein, (B)chrysotile vein, (C)selvage of the antigorite vein.
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Table 2.15 Chemical composition of serpentine in harzburgite (in wt. %) with 1o standard deviation and calculated structural formula.

Sample CM1A-137Z3-46-54 CM1A-144Z4-60-68 CM1A-150Z1-24-32
Lithology Harzburgite Harzburgite Harzburgite
Mineral Atg Ctl Ctl Ctl Srp+Brc Srp+Brc Ctl
Type Atg+Ctl vein Atg+Ctl vein Ctl vein with tremolite vein Selvage mesh rim Selvage mesh core Atg+Ctl vein Atg+Ctl vein
N 15 10 10 45 28 41 10 10

avg. 1o avg. 10 avg. 10 avg. 10 avg. 10 avg. 10 avg. 10
SiO, 43.56 0.43 41.02 0.65 40.82 0.82 40.77 0.49 39.53 0.86 38.26 1.29 43.13 0.53 41.05 0.29
TiO, 0.02 0.02 0.02 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Al,04 0.59 0.15 0.52 0.21 0.24 0.11 0.38 0.05 0.09 0.06 0.32 0.16 0.45 0.17 0.96 0.07
FeO 2.80 0.16 3.14 0.32 2.62 0.72 5.61 0.31 5.32 0.56 6.82 1.42 2.52 0.22 2.76 0.14
MnO 0.06 0.05 0.07 0.05 0.06 0.05 0.07 0.06 0.06 0.06 0.08 0.05 0.02 0.03 0.04 0.04
MgO 38.60 0.93 38.82 0.45 38.05 1.61 37.41 0.45 37.99 0.70 36.77 1.19 39.48 0.43 39.40 0.57
Ca0 0.02 0.01 0.13 0.15 0.04 0.01 0.26 0.03 0.18 0.09 0.41 0.23 0.07 0.02 0.11 0.01
Na,O 0.02 0.03 0.00 0.01 0.01 0.02 0.01 0.02 0.02 0.03 0.02 0.03 0.02 0.03 0.03 0.05
K,O 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.01
Cry,03 0.02 0.02 0.01 0.02 0.01 0.02 0.02 0.02 0.01 0.02 0.03 0.04 0.01 0.02 0.02 0.02
Total 85.69 1.13 83.74 1.07 81.86 2.75 84.58 0.63 83.37 1.07 82.99 1.06 85.73 0.53 84.40 0.82
Oxygen 7 7 7 7 7 7 7 7
Si 2.06 2.00 2.03 1.99 1.97 1.94 2.04 1.98
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.03 0.03 0.01 0.02 0.01 0.02 0.03 0.05
Fe 0.11 0.13 0.11 0.23 0.22 0.29 0.10 0.11
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 272 2.82 2.81 273 2.82 2.78 2.78 2.83
Ca 0.00 0.01 0.00 0.01 0.01 0.02 0.00 0.01
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 4.93 4.99 4.97 4.99 5.03 5.05 4.95 4.99
Xsmp 0.98 0.97
X g Of Srp 0.96 0.96 0.96 0.92 0.94 0.94 0.97 0.96
X g Of Brc 0.67 0.32

Xve=Mg?"/(Mg?+Fe?"), where Mg?" and Fe?' are in atoms per formula unit (a.p.f.u.).
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Table 2.15 Continue of chemical composition of serpentine in harzburgite (in wt. %) with 1o standard deviation and calculated structural formula.

Sample CM1A-150Z1-24-32 CM1A-170Z1-31-39 CM1A-179Z23-18-26 CM2B-7724-70-75
Lithology Harzburgite Harzburgite Harzburgite Harzburgite
Mineral Srp+Brc Brc+Srp Srp+Brc Ctl Ctl Atg Srp Ctl
Type Selvage mesh rim Selvage mesh core Selvage Vein Vein Vein Selvage Vein
N 5 6 3 3 13 25 35 15

avg. 1o avg. 10 avg. 10 avg. 10 avg. 10 avg. 10 avg. 10
SiO, 34.97 0.97 7.22 1.43 38.68 1.86 40.29 0.73 43.83 0.47 43.18 0.39 37.49 2.98 39.44 0.54
TiO, 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.02
Al,04 0.29 0.05 0.03 0.03 0.24 0.16 0.38 0.01 0.36 0.08 0.08 0.06 0.15 0.10 0.14 0.15
FeO 6.41 0.43 19.88 0.78 3.27 0.65 7.75 0.34 1.57 0.15 3.1 0.40 5.11 1.34 6.42 0.84
MnO 0.10 0.01 0.54 0.05 0.07 0.07 0.08 0.01 0.10 0.07 0.05 0.05 0.09 0.08 0.13 0.07
MgO 39.38 0.81 52.10 0.83 40.36 1.81 32.17 1.13 41.15 1.27 37.91 0.59 39.05 1.48 35.18 1.08
CaO 0.56 0.11 1.39 0.05 0.20 0.05 0.05 0.01 0.01 0.01 0.02 0.02 0.26 0.09 0.20 0.03
Na,O 0.04 0.04 0.06 0.04 0.04 0.03 0.00 0.00 0.02 0.04 0.02 0.04 0.02 0.04 0.03 0.05
K,O 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.01
Cry,03 0.01 0.02 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01
Total 81.77 0.59 81.24 1.04 82.89 1.26 80.82 2.01 87.06 1.59 84.39 0.84 82.20 1.28 81.59 1.54
Oxygen 7 1 7 7 7 7 7 7
Si 1.81 0.45 1.92 2.08 2.03 2.07 1.90 2.01
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.02 0.00 0.01 0.02 0.02 0.00 0.01 0.01
Fe 0.28 1.05 0.14 0.33 0.06 0.13 0.22 0.27
Mn 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.01
Mg 3.04 4.91 2.99 247 2.84 2.7 2.95 2.67
Ca 0.03 0.09 0.01 0.00 0.00 0.00 0.01 0.01
Na 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 5.18 6.55 5.08 4.91 4.96 4.92 5.10 4.99
Xsmp 0.90 0.23
X g Of Srp 0.93 1.00 0.96 0.88 0.98 0.96 0.93 0.91
X g Of Brc 0.85 0.80

Xve=Mg?"/(Mg?+Fe?"), where Mg?" and Fe?' are in atoms per formula unit (a.p.f.u.).
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Table 2.15 Continue of chemical composition of serpentine in harzburgite (in wt. %) with 1o standard deviation and calculated structural formula.

Sample CM2B-8322-8-13 CM2B-10622-16-21 CM2B-11922-7-12 OM230111 P6-3
Lithology Harzburgite Harzburgite Harzburgite Serpentine vein in harzburgite
Mineral Atg Srp Ctl Srp Srp Ctl Atg Ctl
Type Vein Selvage with andradite Selvage Selvage Vein Vein Vein
N 20 10 3 14 32 20 10 10

avg. 1o avg. 10 avg. 10 avg. 10 avg. 10 avg. 10 avg. 10 avg. 10
Sio, 43.12 2.00 39.33 0.55 41.37 0.15 40.57 0.48 41.65 0.28 39.71 0.54 43.13 0.21 41.62 0.65
TiO, 0.02 0.02 0.01 0.02 0.00 0.00 0.01 0.01 0.02 0.02 0.02 0.02 0.01 0.02 0.01 0.01
Al,O4 0.18 0.10 0.20 0.07 0.36 0.07 0.30 0.06 0.24 0.05 0.31 0.10 0.48 0.07 0.51 0.11
FeO 5.72 0.43 5.04 0.48 5.39 0.09 3.65 0.40 1.97 0.25 8.50 0.85 3.04 0.21 1.62 0.16
MnO 0.09 0.05 0.10 0.06 0.10 0.02 0.08 0.05 0.07 0.05 0.19 0.09 0.06 0.05 0.06 0.05
MgO 35.55 0.75 37.57 0.46 37.35 0.38 38.79 0.55 40.56 0.43 35.21 0.73 38.20 0.58 38.10 0.55
Ca0 0.22 0.04 0.37 0.05 0.14 0.01 0.11 0.02 0.02 0.01 0.02 0.01 0.01 0.01 0.04 0.02
Na,O 0.06 0.05 0.05 0.05 0.00 0.00 0.03 0.04 0.02 0.04 0.01 0.04 0.02 0.03 0.03 0.05
K,O 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Cry,03 0.03 0.03 0.02 0.02 0.01 0.01 0.02 0.02 0.03 0.02 0.02 0.02 0.01 0.02 0.01 0.01
Total 84.99 1.57 82.70 0.65 84.74 0.37 83.57 0.88 84.59 0.60 84.00 1.14 84.97 0.41 82.01 0.74
Oxygen 7 7 7 7 7 7 7 7
Si 2.08 1.97 2.01 1.99 2.00 1.99 2.06 2.05
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.01 0.01 0.02 0.02 0.01 0.02 0.03 0.03
Fe 0.23 0.21 0.22 0.15 0.08 0.37 0.12 0.07
Mn 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Mg 2.56 2.80 271 2.83 2.90 2.61 272 2.79
Ca 0.01 0.02 0.01 0.01 0.00 0.00 0.00 0.00
Na 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 4.91 5.03 4.98 5.00 5.00 5.00 4.93 4.94
X g Of Srp 0.92 0.93 0.93 0.95 0.97 0.88 0.96 0.98

Xve=Mg?"/(Mg?*+Fe?"), where Mg?" and Fe?" are in atoms per formula unit (a.p.f.u.).
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Magnetite vein

The magnetite veins in the harzburgites cut the host rock mesh texture (Fig. 2.45). Magnetite
vein and surrounding area are cut by chrysotile veins in a direction perpendicular to the magnetite vein
(Fig. 2.45). Both olivine and orthopyroxene are completely serpentinized around the magnetite veins.

The area near the magnetite veins is composed of lizardite and particulate magnetite. Similar to

magnetite veins in dunites, Raman spectra indicate no brucite content in the area around magnetite veins

(Fig. 2.46). The Xy of lizardite around magnetite veins is 0.97 (Table 2.15).

Fig. 2.45. Microtexture of the magnetite vein and the selvage in a harzburgite (CM2B-68Z1-27-31). (A) Optical
microscope photograph of magnetite vein. (B, C) Backscattered electron images of selvage of the magnetite vein.
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Fig. 2.46. Raman spectra of the selvage of magnetite vein (CM2B-68Z1-27-31).
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Tremolite vein

Tremolite veins cut the host rock and antigorite veins (Fig. 2.47A). The tremolite vein
composed of fragmented coarse-grained tremolite and fine-grained tremolite. The later stage chrysotile
vein cuts in a direction perpendicular to the tremolite vein. The tremolite vein is internally sheared and
the shear plane cuts a chrysotile vein perpendicular to the tremolite vein. The shear plane is filled by
chrysotile with spherical andradite (Fig. 2.47B). Such spherical andradite may have formed over a short
period of time (seconds to weeks) at low temperatures (<200°C) (Pliimper et al., 2014). The Xy, of
chrysotile vein cutting tremolite vein is 0.93. Chrysotile veins cutting tremolite and chrysotile on the
shear plane have a peak at ~1100 cm™ characteristic of chrysotile (Groppo et al., 2006). The Raman
spectrum of spherical andradite (Fig. 2.48) in the shear plane peaks are similar to the Raman spectrum

of andradite in previous studies (Hofmeister and Chopelas, 1991). The broad peak at 3546.00 cm™ is

attributed to the OH group in andradite resulting from O4H4«>SiO; substitution (Passaglia and Rinaldi,
1984; Sacerdoti and Passaglia, 1985).

200 um 1 4R e ARGl S %, 200 pm

Fig. 2.47. Optical microscope photographs of tremolite vein in harzburgite (CM2B-83Z2-8-13). (A) Tremolite
vein cut mesh texture and antigorite vein. (B) Close up view of the tremolite vein and spherical shape andradite in
chrysotile.
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Fig. 2.48. Raman spectra of tremolite vein, andradite, chrysotile vein from CM2B-83Z2-8-13. (A) Tremolite vein.
(B) Spherical andradite in the shear zone. (C) Chrysotile in the shear zone. (D) Crysotile vein cut perpendicular to
the tremolite vein.
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2.6.4. In-situ trace element analysis using LA-ICP-MS

In situ trace element analysis by laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) carried for selected three samples (CM1A-80Z1-26-31, CM1A-9072-48-53, and CM1A-
1377Z3-46-54) for trace element concentrations of antigoritetchrysotile veins and host rock mesh texture
lizardite. A total 43 points were analyzed, including 16 points from antigorite+chrysotile veins and 27
points form lizardite in the host rock mesh texture. The analyzed sites are shown in Fig. 2.49. Because
antigorite and chrysotile occur in the vein as micron-scale aggregates (Fig. 2.31B), the trace element
concentrations represent a mixture of antigorite and chrysotile. Antigorite-chrysotile veins are enriched
in As and Sb and deficient in Ni and Co compared to the lizardite in the matrix (Fig. 2.50). The lizardite
in the host rock mesh texture has low As and Sb concentrations, similar to the depleted mantle; in
contrast, the Atg-Ctl vein is enriched in As and Sb and is on a mixed line between marine sediments and
the mantle (Fig. 2.51).
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Fig. 2.49. Analyzed locations of LA-ICP-MS analysis. Three dunites were selected as representative Atg-Ctl vein
bearing samples. (A)CM1A-80Z1-26-31, (B)CM1A-90Z2-48-53, (C) CM1A-137Z3-46-54. Lz = lizardite, Brc =
brucite; Mag = magnetite; Atg = antigorite; Ctl = chrysotile.
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Fig. 2.50. Trace element concentrations of the three dunites. (A)CM1A-80Z1-26-31, (B)CM1A-90Z2-48-53, (C)
CM1A-137723-46-54.
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Fig. 2.51. Sb vs As plot of antigorite-chrysotile (Atg+Ctl) vein (orange triangles) and host rock mesh texture
lizardite (blue circles). The gray field shows marine sediments and the gray star indicate the average value (Plank
and Ludden, 1992). The gray and black diamonds indicate the composition of the primitive (McDonough and Sun,
1995) and depleted mantle composition (Salters and Stracke, 2004).
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2.7. Discussions
2.7.1. Multi-stage vein formation in the lower crust to upper mantle

section

Several types of serpentine veins are observed in the lower crust to upper mantle: Al-rich
serpentine veins cut the matrix mesh structure in the lower crustal gabbroic rocks. Antigorite = chrysotile
vein networks have been observed in dunite at the crust-mantle transition zone, sometimes associated
with brucite-rich reaction zones on both sides of the veins. Antigorite and tremolite veins were observed
in the harzburgite in the upper mantle, cutting through the host rock mesh texture. Based on the
microstructural observations and geochemical results, the possible order of formation is as follows. (1)
Mesh texture serpentinization (Lzt+Brc+Mag). (2) antigorite and tremolite veins, (3) magnetite veins,
(4) chrysotile veins perpendicular to these veins. The formation of these multi-stage veins was discussed
next.

Antigorite and tremolite veins cutting the mesh texture of the host rocks were observed over
approximately 300 m of the OmanDP samples from the crust-mantle transition zone to the upper mantle
section. The network of the antigorite veins were also observed in the outcrop. Antigorite + tremolite
veins have been reported in "suprasubduction” type ophiolites, which are thought to have experienced
subduction zone setting (Cluzel et al., 2020), and in ocean drilling samples from the Mariana forearc
(Murata et al., 2009). These antigorite veins are thought to have been formed by fluid inflow associated
with plate subduction (Cluzel ef al., 2020; Murata et al., 2009). Tremolite forms at around 350-550 °C
at 0.1-0.5 GPa (Chernosky, 1998), and antigorite + tremolite veins in the supra-subduction type ophiolite
harzburgite reported in a previous study are thought to have formed at 350-400 °C (Cluzel et al., 2020).
Antigorite has only been reported in limited locations in the Oman ophiolite, where it is associated with
carbonated serpentinite and is assumed to have formed at low temperature (~100 °C) with high silica
activity in aqueous fluids (Falk and Kelemen, 2015). The antigorite veins from the crust-mantle
transition zone to the upper mantle section shown in this chapter, the cross-sectional relationship
between antigorite-chrysotile veins and host rock mesh texture indicates that vein formation occurred
after serpentinization of the host rock mesh texture serpentinization. The high Ni concentration of the
host rock mesh texture suggests that the first stage of serpentinization proceeded by replacement of
primary olivine (i.e., the Ni concentration of olivine is as high as ~3000 ppm (Sato, 1977)). However,
the low Ni concentration of the antigorite-chrysotile veins in the analyzed samples suggests that vein
formation occurred after the completion of olivine serpentinization. In contrast to the low concentrations
of As and Sb similar to the depleted mantle conposition in the host rock mesh texture, the enrichment of
As and Sb in the antigorite-chrysotile veins (Fig. 2.51) suggests that some of the vein-forming fluids
were interacted with the subducted sediment (Deschamps ef al., 2011, 2013; Hattori and Guillot, 2003).

This is consistent with a study that revealed that serpentinite close to the basal thrust of the Oman
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ophiolite is influenced by fluids derived from subducted sediments at temperatures above 400 °C (de
Obeso et al., 2022). These features suggest that the formation of antigorite+chrysotile veins is due to
aqueous fluid infiltration in a subduction zone setting. Magnetite veins observed in dunites and
harzburgites may have formed later than antigorite veins based on cross-cut relationships (Fig. 2.29C).
Magnetite veins are thought to form with increasing W/R associated with hydrothermal activity (Dandar
et al., 2021; Gahlan ef al., 2006). Chrysotile veins develop perpendicular to antigorite and magnetite
veins in dunite and harzburgite. This type of fracture is commonly observed in partially altered peridotite
outcrops of the Oman ophiolite, the so-called "Frankensteinian" texture (Evans et al., 2020). The
Frankensteinian texture was observed around all antigorite veins in the upper mantle dunite samples,
whereas this texture was absent around antigorite veins in some dunites at the crust-mantle transition
zone. It is suggested that some of the antigorite veins at the crust-mantle boundary may have formed
after the completion of host rock serpentinization, since the formation of a Frankenstein texture requires

that an unreacted part remains prior to the formation of the main vein.

2.7.2. Stage of serpentinization

In the Omani ophiolite, a variety of aqueous fluid sources can be considerable for the
serpentinization: A circulating seawater near the ridge (Bosch et al., 2004; Nicolas, 2003; Zhang et al.,
2021), slab-derived fluids that entered the Omani ophiolite from the bottom at the onset of subduction
(de Obeso et al., 2022; Ishikawa ef al., 2005; Yoshikawa et al., 2015), and seawater from the ocean floor
at off-axis (Aupart et al., 2021; Scicchitano et al., 2021), and meteoric water onshore after emplacement
(Scicchitano e al., 2021). The involvement of these fluids has been investigated by geoscientific
analysis: bulk rock chemistry of serpentinized dunite and harzburgite recovered from core samples at
the CM site shows positive and negative Eu anomalies (Kourim ef al., 2022). Positive Eu anomalies are
considered to be a signature of hydrothermal activity at the ocean floor, as they result from the interaction
between seawater and Eu rich minerals (e.g., plagioclase) in crustal rocks (Bach and Irber, 1998).
Positive Eu anomalies are found in hydrothermal vent solutions (Bach and Irber, 1998) and in altered
minerals (Epidote) in gabbroic rocks from ocean floor drilling (Chen et al., 2023). Eu release is
associated with alteration (chloritization) of plagioclase in the gabbroic rocks (Yoshitake ef al., 2009).
Negative Eu anomalies, on the other hand, are thought to be due to magmatic fluids (Bach and Irber,
1998). The finding of both of positive and negative Eu anomaly may reflect the complex fluid-rock
interaction history during the formation of the Oman ophiolite from the start of subduction to its
stationing on to the continental crust.

In situ oxygen isotope data for the serpentine mesh texture of the Oman ophiolite suggest that
the temperature of serpentinization that formed the mesh structure was ~200-250 °C (Aupart et al., 2021).
This temperature range is consistent with the 120-280 °C temperature range estimated from oxygen
isotope thermometers in serpentinite dredged from the ocean floor (Klein ef al., 2014). The upper mantle

harzburgites studied in this study contain relatively iron-rich brucite (Xumg = ~0.72) with less amount of
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magnetite. These features are similar to harzburgites serpentinized at temperatures of T <~200 °C (Klein
et al., 2014). Moreover, orthopyroxene and clinopyroxene are more resistant to serpentinization than
olivine at temperature of 250 ~ 300 °C and 3.0 ~ 4.0 kbar (Marcaillou ef al., 2011; Ogasawara et al.,
2013). These suggest that the main serpentinization stage that formed the mesh texture likely occurred

at seafloor.

2.8. Summaries

This chapter focused on rocks from the lower crust to the upper mantle of the Oman Ophiolite
obtained from field studies and onshore drilling and describes mineral descriptions and rock-water
reactions. The crustal-mantle boundary, dunite and harzburgite, which form the upper mantle, are
found to be homogeneously serpentinized in the depth direction, independent of fault distribution.
Petrological and geochemical analysis reveals two stage serpentinization (serpentinization with mesh

texture in seafloor setting vs antigorite vein network in subduction zone setting) in the Oman Ophiolite.

Part of the content of the Chapter 2 has been published as the following publications:

1. Yoshida, K., Okamoto, A., Shimizu, H., Oyanagi, R., Tsuchiya, N., Oman Drilling Project Phase 2
Science Party, “Fluid Infiltration Through Oceanic Lower Crust in Response to Reaction - Induced

Fracturing: Insights From Serpentinized Troctolite and Numerical Models”, Journal of Geophysical

Research: Solid Earth, 125, 11,2020, DOI:10.1029/2020JB020268.

2. Kazuki Yoshida, Ryosuke Oyanagi, Masao Kimura, Oliver Pliimper, Mayuko Fukuyama, Atsushi
Okamoto, “Geological recordsof transient fluid drainage into the shallow mantlewedge”, Science

Advances, 9, 14,2023, DOI:10.1126/sciadv.ade6674.
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Chapter 3: Enhanced reaction process in the lower crust by the reaction-
induced stress

3.1. Introduction

Serpentinization require H>O for continuous reaction, therefore microcracks are could be
important for perversive serpentinization of gabbroic rocks. Two mechanisms have been proposed for
the crack formation: (1) thermal fracturing during cooling of the oceanic lithosphere (Boudier ef al.,
2005; Cooper and Simmons, 1977; Korenaga, 2007; Nicolas, 2003); (2) reaction-induced stress caused
by the volume-changing reactions within rocks (Jamtveit ef al., 2008; Okamoto and Shimizu, 2015;
Shimizu and Okamoto, 2016). In particular, volume expansion by hydration of reactive mineral grains
(e.g., olivine and periclase) can cause radial fractures in the surrounding matrix (Jamtveit ef al., 2008;
Kelemen and Hirth, 2012; Kuleci et al., 2017). Such characteristic fracture networks induced by olivine
serpentinization in a plagioclase matrix have been reported from several localities, including troctolites
from the South Kawishiwi intrusion of the Duluth Igneous Complex, USA (Jamtveit et al., 2008),
troctolites from the East Pacific Rise (Gillis ef al., 2014), and olivine gabbro from the Mid-Atlantic
Ridge (Blackman et al., 2006). Based on numerical simulations (discrete element method; DEM) of
olivine hydration in troctolite, Jamtveit et al. (2008) showed that positive feedback between reaction
progress and fracturing result in the formation of the fracture network during this type of reaction.
However, their model did not explicitly account for fluid flow. In addition, there are few descriptions of
fracture networks related to the serpentinization of gabbroic rocks in the Oman ophiolite. As such, the
influence of reaction-induced fracturing on fluid flow within the oceanic lower crust during LT alteration
remains unclear.

As shown in Chapter 2, olivine was homogeneously serpentinized from the lower crust to the
upper mantle. Seawater would have to pass through the less permeable lower crust to the upper mantle
(~102-102 m?) (Farough et al., 2016; Katayama et al., 2012), but how homogeneous serpentinization
occurred is unclear. In addition, the serpentinite microtexture records a change from a closed to an open
system characterized by differences in Al and Si contents. The mechanism of the change from a closed
to an open system in the serpentinization reaction is unclear. In this chapter, I focus on microcracks in
gabbroic rocks and discusses the process of microcrack formation in gabbroic rocks. A numerical
simulation based on discrete element method was performed to understand the coupled mechanical-
chemical-fluid flow process of serpentinization. By comparison with fracturing induced by thermal
effects and tectonic stress, I demonstrate the importance of reaction-induced fracturing for permeability

enhancement and perversive serpentinization within the oceanic lower crust.
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3.2. Microcracks in the gabbroic rocks

There are distinct radial cracks in the clinopyroxene and plagioclase around the serpentinized
olivine grains, and these fractures connect between olivine grains. These radial fractures are significantly
observed in gabbroic rocks that have a large amount of olivine (e.g., the modal abundance of olivine
ranges from 19-41 area% in CM1A-4772, 10-39 area% in CM1A-48Z3; see Chapter 2). Olivine grains
in these samples are highly serpentinized (59-65 area%; Fig. 3.1A-C). In the case of CM1A-133Z3,
which has a lower olivine mode (6-12 area%), olivine grains are less serpentinized (~5%) than those in
the other olivine gabbros (Fig.3.1A-C). Discrete mesh-like fractures exist within the olivine grains,
whereas there are less radial fractures in plagioclase and clinopyroxene around the less serpentinized
olivine grains (~5 area%; Fig.3.1D) than in the other olivine gabbros (Fig.3.1A-C). Discrete mesh
fractures are present within the olivine grains, whereas there are few fractures in the plagioclase and
clinopyroxene (Fig. 3.1D).

A layered structure of olivine-rich (Fig. 3.2A and C; 0-20 mm) and plagioclase-rich (Fig. 3.2A
and C; 20-32 mm) is observed in troctolite (C577A-9Z2) at the thin section scale. An intense network
of cracks develops in the minerals (Fig. 3.1A). Cracks in olivine and plagioclase fractures traced by
hand (Fig. 3.2B). Thin section mineral mode determined by EPMA elemental maps (Fig. 3.2C). The
mineral mode of olivine varies gradually from 10 to 75 area% (Fig. 3.2C). A small amount of
orthopyroxene (<~10 area%) is present in some olivine-rich layers (Fig. 3.2C). The degree of olivine
serpentinization (area ratio of serpentine to original olivine grains) varies from layer to layer (Fig. 3.2D).
Olivine grains in the olivine-rich layers are highly serpentinized (40-60 %; Fig. 3.2D), while olivine
grains in the plagioclase-rich layers have various degrees of serpentinization, but less than in the olivine-
rich layers (Fig. 3.2D). The hand-traced fractures in olivine and plagioclase show that fractures in
plagioclase are preferentially oriented in the direction perpendicular to the layered structure, whereas

fractures in olivine are oriented in both vertical and horizontal directions (Fig. 3.3).
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Fig. 3.1. Backscattered electron images of gabbroic rocks with different degrees of serpentinization Esyp. (A)
Troctorite from CM1A-9Z3-26-31 (CM1A-9Z3, degree of serpentinization &syp, = 59%). (B-D) Olivine gabbro
from (B) CM1A-47Z-02-62-67 (47202, ESrp = 65%); (C) CM1A-48Z-03-10-15 (48Z03, &srp = 69%); (D) CM1A-
113Z-03-25-30 (113Z03, &sr, = 11%). Ol = olivine; Pl = plagioclase; Srp = serpentine; Cpx = clinopyroxene; Mag
= magnetite. s, =Asrp/(Aol + Asp + Amag), Where Ay is the area of mineral x.
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Fig. 3.2. Mineral and fracture distribution of troctolite (CM1A-09Z-03). (a) Mineral phase diagram of a troctolite
thin section composed of Ol- and Pl-rich layers from EPMA elemental mapping. (b) Traces of olivine (red) and
plagioclase (blue) fractures. (c) Variation in modal mineral composition (area ratio). (d) Degree of serpentinization
ESrp calculated from area ratios as ASrp/(AOIl + ASrp + AMag); Ol = olivine; Pl = plagioclase; Srp = serpentine;
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from the horizontal (parallel to the layered structure).
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3.3. Combined mechanical-hydraulic-chemical discrete element method

3.3.1. Numerical model

Numerical simulations of the coupled fluid flow, reaction, and fracturing were performed using
the two-dimensional discrete element method (2D-DEM) developed by Okamoto and Shimizu (2015).
In the DEM, the rock is modeled as an aggregate of circular elements. These elements are connected by
elastic elements, which represent the bonds between the grains. The stresses and moments of the elastic
elements are calculated at each step. In this study, tensile forces are assumed to be negative and
compressive forces are assumed to be positive. The elastic elements consist of three springs, a slider,
and a clutch (Fig. 3.4). The cross-sectional area (4), length (L), and bending moment (/) of the elastic

elements are calculated from the radii of the two particles as follows:

4rin
A= ——, (3.1)
1 + T']
L=rn+m, (3.2)
A3
I=—. 3.3
1 (3.3)

where 7 and 7; are the radius of particle i and j. The cross-sectional shape of the elastic element is
assumed to be a rectangle with height (4) and width of unit length = 1. The spring constant of a normal
spring (kn) is determined from the elastic modulus and the cross-sectional area (4) and length of the
elastic element (L). The spring constants of shear springs (ks) and bending springs (kg) are determined

from the ratios to the spring constant of the normal spring as follows:

EpA

ky = A (3.4)
kS =aQag- kN' (35)
kg = Bs " ky. (3.6)

where, E; is elastic modulus of the elastic element, as is constant factor for the shear spring constant, fs
is constant factor for bending spring constant (In this study, s = 1). If the external force exceeds either
the tensile or shear strength of the elastic element, the coupling will separate and no force will be
transmitted between the elements (occurrence of microcrack). This corresponds to the occurrence of

microcracks. The tensile and shear strength of the elastic elements are set as follows:
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—Fy =0, A, (3.7)
IFs]l = 7. - A. (3.8)

where, Fx is external force of normal direction, Fs is external force of shear direction, o is tensile
strength of the elastic element, 7. is shear strength of the elastic element. The crack mode of the

microcrack is determined as follows:

—Fy = ||Fg|| -+ Tensile crack (3.9)
—Fy < ||Fs]| -+ Shear crack (3.10)

In real rock fracturing processes, various microscopic processes such as friction and deformation
dissipate kinetic energy by converting it into thermal and surface energy. Local non-viscous dashpots is
used to dissipate kinetic energy in DEM (Potyondy & Cundall, 2004). The dashpot causes a force (FY)
to act in the direction opposite to the direction of motion of the element. The force exerted on the dashpot

is obtained from the following equation:

F4 = —(Fsign(V) (3.11)
Where ( is a damping constant between 0 and 1 ({ = 0.5 in this study), F is the magnitude of the force
on the element in each direction, ¥ is the velocity of movement of the element in each direction, and

“sign” is a sign function (positive = 1, negative = -1). This equation is applied separately to each

coordinate systems.

114



A

Element i . ‘Element

Elastic element
By o
|
WV_]I
S

F. m, [],u ck m (%FN
N i T ;

ky
1

Fig. 3.4. Bonded particle model.

115



Fluid flow

Fluid flow in the DEM model is based on the network flow model (Al-Busaidi et al., 2005). In
this model, fluid flow is modeled as fluid flow along a path connecting each domain. Domains are
defined as a region surrounding neighboring elements (Fig. 3.5A). The flow rate (Q) through each
channel is obtained assuming laminar flow between two flat plates (Poiseuille flow), as follows:

w3 AP
Q= 12,qu_pF'

(3.12)

where w is the width between the flat plates, ur is the viscosity coefficient of the fluid, L, is the length
of the channel, and AP is the difference in fluid pressure between the domains. The width between two
flat plates (w) varies with the external force and formation of microcrack. The force direction of closing
the width makes the width smaller. On the other hand, the width in the opening direction is constant as
follows:

wy (Fy £0)

w=<{wwFo
Fy+Fy

(3.13)

(Fx > 0)’

where Fy is the external force of normal direction, wy is the initial aperture between the elements, wu
is the initial width. Fy is calculated from the spring constant of a normal spring (4~) and initial width of

two flat plates (wwm) as following:

Fy = = kywy, (3.14)

As microcracks form, the initial width (wwm) in Equations (3.13) and (3.14) changes to a width of a crack

aperture (wc). The length of flow channel is calculated as follow:

4r;r;
—_— (3.15)

Lo =
P Ti+7'j

Where r; and 7; are radius of element i and j, respectively. The pressure gradient between two domains

is calculated as follow:
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AP = ?(Z Qdt — dvy) (3.16)

Where, Kr is elastic modulus of the fluid, dt is time step size. The volume of domains (¥u) is calculated

as follow:

VM = Qo VD (317)
Where, Vv is modified domain volume, /p is actual domain volume, ¢, is porosity.

The force act on element from fluid pressure (Fig. 3.6) is calculated as follow:

02
Fp = f Pr cos(6) r;dO (3.18)
6

1

where, Pr is fluid pressure, 6 is angle between the boundaries of the domain.

Domain j

Domain /

Domain

Fig. 3.5. Network flow model and hydrodynamic forces acting on each element. (A) Conceptual illustration of
domains. Domain is a small area connecting adjacent elements. (B) Flow paths connecting each domain.
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Fig. 3.6. Fluid pressure act on an element and reaction surface.

Chemical reaction

The reaction treated in the simulation is a simple hydration reaction involving an increase in
solid volume (Mineral A + H,O = Mineral B). As a serpentine reaction, I assume the following simple
reaction in the MgO-Si0O,-H,O system with no mass transfer other than water (R3.1). This reaction is

accompanied by a 150% increase in volume.

2Mg,Si0,4[Olivine] + 3H,0 = Mg;Si,05(0H), [Serpentine] + Mg(OH), [Brucite] (R3.1)

The rates of change in particle volume (AVparicie) and fluid volume (AVhuiq) for the hydration reaction

were calculated as follows:

MVparticte = Z * Ap - dt, (3.19)

AVyia = a- AVparticle' (3.20)

Where 4, is the reaction surface area (Fig. 3.6) and « is the reaction coefficient, which represents the
ratio of fluid to element volume change. The reaction rate (Z) is expressed as a linear function of fluid

pressure as follows:
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Zmax (PF > Pmax)
Pmax_PF
Z =3 Zpmax -

max Pmax_Pmin

O(PF<Pmin)

(Pmin < PF < Pmax)' (3-21)

Where Znax 1s the maximum reaction rate, Pmax is the maximum fluid pressure, and Pmin is the minimum
fluid pressure required for the reaction progress. The reaction rate increases linearly from Ppin t0 Pmax
(Fig. 3.7).

Reaction rate

0 E P '

min max

Fluid pressure

Fig. 3.7. Reaction rate as a function of fluid pressure.

3.3.2. Simulation conditions and parameter setting

Mechanical properties

The density (p) and Young's modulus (F) of the non-reactive material are for plagioclase (p =
2630 kg m>, E = 70 GPa; Mavko et al., 2009). On the other hand, p and E of reactive particles vary
linearly with the degree of reaction from olivine (p = 3320 kg m=, E = 200 GPa; Mavko et al., 2009) to
serpentinite (p = 2520 kg m>, E = 36 GPa; Christensen, 2008). Unfortunately, the tensile and
compressive strengths of olivine, serpentine, and plagioclase could not be found in publications.
However, the uniaxial tensile strength of various rocks ranges from 1 MPa to 40 MPa (Pollard et al.,
2006), therefore the compressive strength of the DEM model is therefore assumed to be 10 MPa and
100 MPa, respectively. The strength of each elastic element in the DEM model is different from that of
the natural rock. Therefore, the tensile and shear strengths of each elastic element were estimated by
comparing simulation results with uniaxial compression and tensile tests (Shimizu, 2010). Fluid

properties and other conditions were set to simulate a hydrothermal system of oceanic lithosphere (i.e.,
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300 °C, 30 MPa, compressibility = 1 GPa, ur= 10 Pa s™!). The effective confining pressure was set to
1 MPa for all models, and Pmin and Pmax in were set to 29 MPa and 30 MPa, respectively.

In the rock model, fluid is supplied from the four boundaries of the model and the fluid pressure
at each boundary was set to Pmin + 1 MPa. The mult-grain model simulates a square rock, the same size
as the single grain model (6 x 6 mm), but containing nine reactive mineral grains embedded in a non-
reactive matrix (Fig. 3.8B). In this model, no flow boundaries are set on the vertical sides of the model,
and fluid flow is permitted upwards or downwards in response to changes in fluid pressure (Pr = Pmax at
the top of the model and P at the bottom). The layered structure model simulates a squared rock with
layered structure of reactive and non-reactive materials. The size of the model is 10 x 10 mm in size.
The model consists of three reactive layers (100% reactive mineral) and two non-reactive layers (Fig.
3.8C). The boundary conditions are the same as those of the multi-grain model. Time in the simulations

was converted to dimensionless time (¢* = Zmax?) normalized by the reaction rate.
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Fig. 3.8. Illustrations of the DEM model systems, which consist of reactive minerals (green) and non-reactive
matrix minerals (gray). The blue arrows show permitted fluid flow directions and black arrows indicate the
confining pressure. (A) Single grain (SG case). (B) Multiple grains (MG case). (C) Layered structure (LS case).
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Parameter settings

The fracture pattern produced by reaction-induced fracturing can be characterized by two
dimensionless parameters (Shimizu & Okamoto, 2016): the ratio of the fluid flow rate to the chemical
reaction rate in the crack (%) and in the matrix (¥m). They are defined by the ratio of the fluid flow rate

in the crack (Qc) and matrix (Owm) to the reaction rate at the mineral surface (Qr) as follows:

Ye = & (3.22)
Qr
Wy = Q_M, (3.23)
Qr
where Oc and Qv are defined as follows:
¢ 12p¢ Lp,avg ’ .
M 12p¢ Lp,avg ’ .
where Ly v 1S the average channel length. Ok is defined as follow:
QR = AZpaxTTayg. (3.26)

where 7.y, 1S the average radius of the elements.

The fracture pattern is controlled by ¥ and ¥Ym (Shimizu and Okamoto, 2016). Mesh-like
patterns are formed at high ¥ (>10%) and relatively low ¥y (<10). In this study, the ¥ and ¥y of the
reactive material were set to 10* and 0-1, respectively, to produce the mesh-like pattern as seen in natural
olivine grains. In the SG and MG cases, ¥m was set to 0. In the LS case, ¥u was set to 1 to represent
the presence of pre-existing microcracks, as this is analogous to for relatively large layer formation. In
all cases, ¥r and ¥um were set to 10* and 1 for the non-reactive material. The small ¥y value replicates

the presence of pre-existing microcracks necessary to initiate the reaction.
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3.3.3. Mechanical test for parameter calibration

Uniaxial compression and tension tests are conducted to determine mechanical parameters
(elastic modulus of the particle, critical normal and shear stresses, and poisson’s ratio). The elastic
modulus and poisson’s ratio of the rock model are calculated from the slope of the stress-strain curve

(Fig. 3.9). The parameters used in the DEM simulations are shown in Table 3.1.
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Fig. 3.9. The stress-strain diagrams obtained from the uniaxial compression test of reactive material and non-
reactive material. The compression strength and strain were calculated from the force acting on the loading platen
and displacements of the monitored particles. The tensile strength and strain were calculated from the force acting
both of upper and lower particles and the width of the model.
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Table. 3.1. Parameters used in the simulations.

Case 1 Case 2 Case 3
Size of rock model 6x6 10 x 10 10 x 10 (mm?)
Total number of particles 8081 4353 4353
Particle radius 2.2x102-4.4x10%  0.5x10"-1.0x10"  0.5x10"-1.0x10"  (mm)
Average particle radius 0.033 0.075 0.075 (mm)
Standard deviation of radius 0.6x102 0.1x10™ 0.1x10™ (mm)
Particle density
Unreacted 3320 (kg/m®)
Reacted 2520 (kg/m®)
Non-reactive 2630 (kg/m®)
Young's modulus of particle
Unreacted 378 (GPa)
Reacted 150 (GPa)
Non-reactive 320 (GPa)
Shear/normal spring stiffness ratio
Unreacted 0.45
Reacted 0.38
Non-reactive 0.25
Shear strength of spring
Unreacted 175 (MPa)
Reacted 17.5 (MPa)
Non-reactive 150 (MPa)
Tensile strength of spring
Unreacted 28 (MPa)
Reacted 2.8 (MPa)
Non-reactive 30 (MPa)
Friction coefficient of particle 1
Porosity correlatoin factor 0.01
Bulk modulus of the fluid 1 (GPa)
Fluid viscosity 1.0x10™ (Pa-s)
Maximum pore pressure (P ) 30 (MPa)
Minimum pore pressure (P i) 29 (MPa)
Maximum pressure difference (P ;) 1 (MPa)
Reaction rate constant (Z .,) 100 (1/s)
Proportional constant 0.7
Volume change factor 1.5
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3.4. Results

3.4.1. Single grain model

The result of the single grain model is shown in Fig 3.10. Snapshots of the reaction ratio, width
of the crack aperture, and normalized fluid flux at t*=0.155 (Fig. 3.10A), t*=0.300 (Fig. 3.10B), and
t*=0.500 (Fig. 3.10C) are shown, respectively. Figs. 3.11A-C show the time evolution of the reaction
ratio (&av, Fig. 3.11A), the crack density within the reactive material and non-reactive material (Fig.
3.11B), and the total fluid flux (Fig. 3.11C).

In the early stages of the hydration reaction (t* =0 - 0.155), the rock model is initially saturated
with water, the hydration reaction begins at the boundary between the reactive and non-reactive material.
As the hydration reaction progresses, the fluid pressure in the center of the reactive material decreases,
allowing fluid to infiltrate through the matrix from the boundaries between the reactive and non-reactive
materials. At this stage, the average reaction rate gradually increases from 0% to 0.4% (Fig. 3.11A). A
small number of microcracks develop at the boundaries between reactive and non-reactive materials,
resulting in a simultaneous increase in crack density within the reactive and non-reactive matrices from
0% to ~7% (Fig. 3.11B). Because these microcracks are isolated from each other (Fig. 3.10A), the fluid
flows uniformly through the non-reactive material and there is no selective fluid flow. The total fluid
flow rate is nearly constant (Qrow = ~1.2 X 10°® m?/s, Fig. 3.11C).

At t* = 0.16-0.17, the crack density in the reactive matrix increases rapidly from 6% to 18%,
while the crack density in the non-reactive matrix increases steadily (Fig. 3.11B). The QTotal value
increases from 1.2 x 10" to 2.3 x 10 m?/s (Fig. 3.11C). This indicates that fracturing is occurring within
the reactive grain in response to the volume expansion of outer of the reactive material, as observed in
previous studies (Okamoto and Shimizu, 2015; Reyne et al., 2008; Shimizu and Okamoto, 2016; Ulven
et al.,2014). The snapshot at t*=0.300 indicates the initiation of radial fracturing within the non-reactive
material, in addition to existing fracturing within the reactive material (Fig. 3.10B). The cracks are
highly connected and act as dominant fluid pathways by connecting the inside to the outside of the
reactive material (Fig. 3.10B).

At t*¥ = 0.500, the average reaction ratio and fluid flux increase rapidly (Figs 3.10A and C).
This rapid increase in reaction ratio and fluid flux is caused by crack connections between the model
boundary and the reactive matrix. The radial cracks in the non-reactive matrix are the dominant fluid

pathways that enhance the reaction progress of the reactive material (Fig. 3.10C).
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(b) t=0.300
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Fig. 3.10. Simulation result of the single grain model. Snapshots of the reaction ratio, fracture aperture, and fluid
flux at (A) t* = 0.155 (&av = 0.20, v = 0.07 x 10-2), (B) t* = 0.300 (Eav = 0.68, ey = 0.5 x 10-2), and (C) t* = 0.500

(Eav = 2.07, ev = 1.0 x 10-2). Eav and ey are average reaction ration and volume strain of the reactive grain,
respectively.
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3.4.2. Multi-grain model

The result of the multi grain model is shown in Fig 3.12. Snapshots of the reaction ratio, width
of crack aperture, and normalized fluid flux are shown for t* = 0.045 (Fig. 3.12A), t* = 0.395 (Fig.
3.12B), and t* = 0.470 (Fig. 3.12C). Fig.s 3.13A-C show the time evolution of the reaction ratio (Fig.
3.13A), crack density within the reactive and non-reactive material (Fig. 3.13B), total fluid flux (Fig.
3.13C), and permeability (Fig. 3.13D). The permeability tests were performed at selected times.
Permeability was calculated by fixing the arrangement of elements in the rock model. The fluid flow
was assumed to be perpendicular in the z-direction and the boundary in the x-direction was assumed to
be a non-permeable boundary.

In the initial phase (t* = 0 - 0.45), as the fluid infiltrate through the non-reactive material from
the top to the bottom of the rock model, the reactive grains at the top begin to react (Fig. 3.12A).
Snapshots of crack aperture at t* = 0.05, where the crack density of the reactive material increased
rapidly (Fig. 3.13B), show that cracks formed within the reactive material grains or at the boundary
between the reactive and non-reactive material (Fig. 3.12A).

Thereafter, the crack density within the reactive and non-reactive materials increased gradually
until t* = 0.4 (Fig. 3.13B); the profile of fluid flux as a function of t* was similar, with both increasing
gradually and Qrol to be doubled by t* = 0.4. The crack density within the reactive material shows a
sharp increase at t* = 0.395. At this time, radial cracks form around the reactive grains at the top of the
model and the cracks propagate into the second layer of reactive grains (Fig. 3.13B). As the cracks
connect to the reactive grains at middle part of the model, the grains within the middle part begin to
react. The wide cracks openings tend to increase in size as the reaction progresses and begin to serve as
the dominant fluid pathways (Fig. 3.13B). The formation of cracks connecting the grains causes the
normalized fluid flux to increase sharply from 2 to 4 between t* = 0.395 and 0.45 (Fig. 3.13C). The
snapshot at t* = 0.47 shows that the fracture cuts one of the bottom layer grains and reaches the bottom
boundary. This causes a rapid increase in permeability and a reaction progress that leads to further
fracture formation.

The results of the multiparticle model indicate that positive feedback between fluid flow,
reaction, and fracture formation occurs as the reacting particles are connected by radial fractures,
creating a network of fluid flow pathways (Fig. 3.12C). Reaction-induced fractures dynamically change
the permeability of the rock. As the fracture network forms between reactive grains, the permeability
gradually increases with increasing average reaction ratio (Fig. 3.13D). To summarize the result, The
reaction proceeds with limited fluid supply in the early stages of the reaction. In the later stages of the

reaction, the formation of a network of connected cracks increases the fluid supply.
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Fig. 3.12. Results of the MG simulation. (a—c) Snapshots showing the reaction ratio, fracture aperture, and fluid
flux at (A) t* = 0.045 (Eay = 0.1 %, ev = 0.01 x 1072), (B) t* = 0.40 (Eav = 1.4, &y = 0.7 x 102), and (C) t* = 0.47

(Eav = 2.2, ev = 0.9 x 102). Eay and ey are average reaction ration and volume strain of the reactive grain,
respectively.
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Fig. 3.13. Temporal evolution of the (A) average reaction ratio, (B) crack density within reactive mineral and non-
reactive mineral, (C) total fluid flux, and (D) permeability normalized to the initial permeability.

3.4.3. Layered structure condition

The result of the layered sturcture model is shown in Fig 3.14. Snapshots of the reaction ratio,
fracture aperture, and normalized fluid flux were shown for t* = 0.120 (Fig. 3.14A), t* = 0.170 (Fig.
3.14B) and t* = 0.240 (Fig. 3.14C). Figs 3.15A-C show the time evolution of the reaction ratio (Fig.
3.15A), the crack density within the reactive and non-reactive material (Fig. 3.15B), the normalized total
fluid flux (Fig. 3.15C), and the penetration rate (Fig. 3.15D).

In the initial phase (t* = 0 - 0.12), the reaction begins in the first reaction layer, which is in
contact with the top of the model. During this phase, the fracture density increases in the first reaction
layer more than in the non-reaction layer. The cracks within the reactive layer are uniformly distributed,
whereas the cracks in the non-reactive layers tend to be localized, vertically oriented cracks (Fig. 3.14A).
Some cracks propagate into the non-reactive layer and the second reactive layer (Fig. 3.14A). The the
fluid flux within the cracks is higher than in the non-reactive layeres (Fig. 3.14A), indicating that the
cracks are dominant fluid pathways. The total fluid flux is nearly constant at this stage (Qrota = ~0.4 X
10*; Fig. 3.15C).

Between t* = 0.12 and 0.17, Qrow increases sharply by ~17 times. The snapshot at t* = 0.17
shows several large fractures with wide openings that allow fluid flow into the second reaction layer
(Fig. 3.14B). A rapid increase in fluid flow is also observed at t* = 0.12, t* = 0.15, 0.18 (Fig. 3.15C).
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The snapshot at t*=0.24 shows that the fracture network has reached the lower boundary of
the rock model (Fig. 3.14C). The fracture network serves as the main fluid path through several reactive
layers (Fig. 3.14C). Vertical cracks develop because the reactive layer expands parallel to the laminae,
causing tensile cracks perpendicular to the laminae (Okamoto & Shimizu, 2015).

Fig. 3.16 shows a histogram of the orientation of microcracks in the reactive and non-reactive
layers, respectively, at t* = 0.24 (Fig. 3.14C). In the reactive layer, the orientation of microcracks is
uniform, while in the non-reactive layer, microcracks form preferentially in the vertical direction. These
results are consistent with the orientation of the olivine-rich and plagioclase-rich layers in troctolite (Fig.
3.3). The simulations show that in layered structures with alternating reactive and non-reactive minerals,
fracture propagation within the non-reactive material in a direction perpendicular to the layered structure

promotes fluid permeation in a direction perpendicular to the layered structure.
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Fig. 3.14. Results of the layered structure model. (A-C) Snapshots showing the reaction ratio, fracture aperture,
and fluid flux at (A) t* = 0.12 (ay = 0.4 %, &v = 0.2 x 102), (B) t* = 0.17 (Eay = 1.1, &v = 0.6 x 102), and (C) t* =
0.24 (Eay = 3.2, ev = 1.6 x 102). £ay and ey are average reaction ration and volume strain of the reactive grain,
respectively.
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Fig. 3.16. Distribution of crack orientations in reactive and non-reactive layers at t* = 0.24.

3.5. Discussion

3.5.1. Comparison with natural samples

The fracture patterns of the serpentinized olivine in the gabbroic rocks are similar to the results
from the DEM simulations conducted in this study. The mesh-like texture within the reactive material
and the radial cracks developed in the non-reactive material reproduced by the single particle model
simulation (Fig. 3.10). These textures are similar to the mesh texture of partly serpentinized olivine
grains and the radial cracks developed in the plagioclase and clinopyroxene around serpentinized olivine
(Fig. 3.1). An interesting observation from the DEM simulations in the single grain model is the
simultaneous development of the mesh texture and radial cracks (Fig. 3.10). As the reaction progresses,
most of the cracks in the reactive grains are narrow, but some cracks become wider and act as the
dominant fluid pathways (Fig. 3.10B-C). Narrow and wide cracks within the reactive grains may
correspond to Type 1 and Type 2 mesh texture observed in natural gabbroic rocks (Chapter 2, Fig. 2.9).
The multi-grain model simulations show a network of cracks connecting reactive grains as observed in
gabbroic rocks (Fig. 3.1). The results of the layered structure model simulations (Figs. 3.14 and 3.16)
are consistent with the characteristic development of cracks perpendicular to the layered structure in the
plagioclase layers compared to the randomly oriented cracks in the olivine-rich layers in the troctolite
(Fig. 3.2B). Such fractures perpendicular to the layered structure were also observed in the field
observation (Fig. 2.2E). On the other hand, the natural samples also show microstructures that were not
reproduced by the simulation. Homogeneous serpentinization without mesh texture formation was
observed around serpentine veins in the gabbroic rocks (Fig. 2.19D). Such homogeneous textures are
thought to occur when fluid transport dominates over reaction rates (Shimizu and Okamoto., 2016).
Since a reasonable mechanism for accelerated fluid transport is unlikely, such a microstructure could

have resulted from a relative decrease in reaction rate rather than fluid transport due to a decrease in
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temperature during the late stage of serpentinization. In general, the fracture patterns observed in the
gabbroic rocks of the Oman Ophiolite are well reproduced by these numerical models.

The results of the simulations with elastic parameters for olivine and plagioclase (Table 3.1)
suggest that ~0.01 of volume strain is enough to develop cracks similar to the natural samples. The
numerical model assumes 50% of volume increase reaction, ~0.01 of volume strain is accumulated
during 2%—-3% of the reaction ratio. In the natural gabbroic rocks, the extent of serpentinization is 60%—
70% in samples 09203, 477202, and 487203, and ~10% in sample 113Z03. Assuming a 50% volume
increase due to the reaction, the volume strain of olivine is estimated to be 0.30-0.35 and 0.07,
respectively. The similarity in the geometric patterns between the natural samples and simulation results
at different extents of serpentinization suggests that the main geometric pattern is formed in the early
stages of the reaction. Indeed, for the single grain model, the slope of the crack density becomes lower
with time (Fig. 3.11B), meaning that the number of cracks becomes constant. The snapshots of the single
grain model indicate that the width of the crack aperture increases with reaction progress (Fig. 3.10).
Similar trends for crack density and crack width were recognized in hydration experiments of MgO in

polycrystalline calcite (Kuleci et al., 2017).

3.5.2. Effect of confining pressure

In this study, simulations were performed assuming a low effective confining pressure (1 MPa).
Therefore, to evaluate the effect of effective wind pressure, a single-particle model was simulated with
effective confining pressure varying between 5 MPa and 10 MPa (Fig. 3.15). In both cases, cracking of
the olivine grains and radial cracking of the surrounding matrix were observed (Fig. 3.17A). However,
as the effective confining pressure increased, the radial cracking tended to be localized (Fig. 3.18A) and

the serpentinization progressed more slowly (Fig. 3.18B).
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Fig. 3.17. Effect of the effective confining pressure on the development of fractures with progressive olivine
hydration in the same configuration as the SG case (Fig. 3.10). (A) Snapshots of crack aperture at a reaction ratio,
Eav, 0f 1.6% (ev = 0.80 x 1072) under an effective confining pressure of 1 MPa (left), 5 MPa (middle), and 10 MPa
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3.10; Table 3.1). (B) The average reaction ratio with respect to non-dimensional time. (C) Crack density in a
reactive mineral (solid line) and non-reactive mineral (dashed line) as a function of the average reaction ratio.

3.5.3. Other fracturing mechanisms

Normal fault systems are commonly developed at mid-ocean ridges, where they form in
response to extensional tectonic settings (Bicknell ez al., 1987; Buck et al., 2005). However, it is unclear
whether the external differential stress that causes faulting on a regional scale affected grain-scale
fracturing as observed in this study. In addition, thermal stress is thought to be a main cause of fracturing
within the crust during the cooling oceanic lithosphere (Boudier et al., 2005; Cooper and Simmons,
1977; Korenaga, 2007; Nicolas, 2003). There are several evidences of high temperature (>700 °C)
hydrothermal alteration of gabbro and Moho transition zone within the Oman ophiolite, which is
explained by fluid infiltration along the vertical fractures generated by thermal contraction at the fast-
spreading ridge (Bosch et al., 2004; Boudier et al., 2005; Nicolas, 2003). Therefore, to assess the
influences of fracturing processes induced by tectonic stress and/or thermal stress on grain-scale
fracturing observed in this study, I conducted additional simulations on fracturing using a model of
olivine grain in matrix with the same mechanical properties and geometry as the SG model case (Fig.
3.18).
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Fig. 3.18. Simulation result of the effect of tectonic stress. (A) compression at axial strain = 1.4x10, (B) tensile
at lateral strain = -2.6x107 and (C) shear stress at horizonal displacement = 0.08 mm. (D, E) simulation results of
the effect of thermal stress at volume strain = 5x1073. (D) cooling, (E) heating. The olivine grain is shown in green.

Tectonic stress

The compression tests, tension tests, and shear deformation of the SG model case were
conducted (Fig. 3.17). The confining pressure was set to 1 MPa. The strain rates were set to 0.1 s! for
the compression test, —0.05 s™! for the tension test, and 20 s™! for the shear deformation test. It is noted
that the fracture pattern generated was not significantly affected by the strain rate, when the strain rate
is adequately slow (c.f., Okamoto et al., 2020). In the compression test, numerous tensile and shear
cracks were generated normal to the compression axis (Fig. 3.17A).

The cracks were distributed relatively homogeneously throughout the model rock. As strain
increased, the model rock broke and large fractures formed in sloped direction. In the tension test, a
single fracture oriented normal to the minimum principal stress was generated by connections among
smaller tensile fractures (Fig. 3.17B). In the shear deformation test, an en-echelon array of fractures,
formed by connected tensile fractures, developed at 40°—50° to the shear plane (Fig. 3.17C). This feature
of the tension test is consistent with the results of other DEM simulations of shearing under low
confining pressure (Okamoto et al., 2020). In these three cases, there is no difference in the fracture
pattern within the olivine and unreactive matrix (Fig. 3.17A—C), in spite of the different Young’s

modulus of each mineral.
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In the natural troctolite described in this study, fractures in olivine are oriented rather uniformly,
and most of the fractures within plagioclase are oriented radially or normal to the layering (Fig. 3.1).
These features within olivine and plagioclase in natural samples were not reproduced by the DEM

modeling in which deformation is induced by the tectonic stress (Fig. 3.18).

Thermal stress

Thermal stresses can be caused by: (1) differences in thermal expansion coefficients between
minerals, (2) thermal expansion coefficient anisotropy, and (3) thermal gradients within the rock
(Boudier et al., 2005; Cooper and Simmons, 1977; Nicolas, 2003). Here, I investigated grain-scale
thermal cracking in response to differences in thermal expansion coefficients between olivine and
plagioclase. I simulated the thermal fracture of an olivine grain embedded in a plagioclase matrix during
cooling and heating. For a given temperature difference (AT =T - Ty), the ratio of the particle radius to
the initial radius (r/r0) can be calculated using r/ro = i AT, where f; is the linear thermal expansion
coefficient (Wanne and Young, 2008). The material was assumed to be isotropic, so f; was set to /3,
where By is the volumetric thermal expansion coefficient. The linear thermal expansion coefficients of
olivine (oy = 1.09 x 10 K'!) and plagioclase (B1 = 0.50 x 10 K!) were calculated from the volumetric
thermal expansion coefficients (olivine: 3.26 x 10 K'! and plagioclase: 1.51 x 10 K'!) (Robertson,
1988).

During cooling from 700 to 300°C, olivine and plagioclase grains contract with volume strains
up to -1.3 x 10 for olivine and -0.6 x 102 for plagioclase (Fig. 3.19A). Tensile fractures were
preferentially generated within the olivine grain and at the olivine/plagioclase interface (Fig. 3.19C).
During progressive cooling, the crack density preferentially increases by up to 20% within the olivine
grains, while the crack density in the plagioclase matrix is <0.2% (Fig. 3.19B). Most cracks form in the
early cooling stage (JAT| < 100 °C; Fig. 3.19B), suggesting that thermal cracking dominates at relatively
higher temperatures. Preferential fracturing of olivine grains occurs in response to the higher av value
of olivine relative to that of plagioclase. Similar fracture patterns would also be produced if the matrix
mineral were clinopyroxene (ov =2.19 x 107 K1),

In the natural samples analyzed in this study, the less serpentinized olivine grains show
fractures, but they are not accompanied by radial fractures in the surrounding minerals (Fig. 3.1D),
which is similar to the results of cooling (Figs. 3.19C). These lines of evidence suggest that olivine
fracturing may be initiated by thermal fracturing during cooling and important for initial stage of

serpentinization.
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Fig. 3.19. Thermal cracking during cooling for the same configuration as the SG case, where an olivine grain is
embedded in plagioclase matrix. (A) Volume strain of forsterite and anorthite with respect to the temperature
difference, AT =T — Ty, where Ty is the initial temperature. (B) The evolution of crack density in simulations for
thermal cracking during cooling (volume decrease). (C) Snapshots showing the crack apertures at volume strains
of eV =-0.10 x 102, -0.18 x 1072, and —0.70 x 1072, The olivine grain is shown in green.

3.5.4. Transition from closed to open system during serpentinization

Multi-stages of serpentinization reactions characterized by the Al and Fe concentrations in the
serpentine were observed in the gabbroic rocks: (1) mesh texture composed of lizardite+brucite+mag
(Type 1 mesh), (2) mesh texture composed of Al-rich serpentine + magnetite (Type 2 mesh), (3) Al-rich
yellow colored serpentine in mesh core, and (4) Al-rich serpentine veins. Such multistage
serpentinization can result from evolution from a closed to an open system, as discussed below. The
earliest Type 1 mesh textures are characterized by lizardite + brucite + magnetite. The lizardite + brucite
mineral assemblage indicates that serpentinization began at temperatures below 350°C (Klein et al.,
2009) and that serpentinization that serpentinization occurs under low silica activity, corresponding to
a olivine dominant closed system with no elemental transport except for HO (Beard et al., 2009;
Katayama et al., 2010; Oyanagi et al., 2018). In the MgO-Si0,-H,O system, this reaction can be written

as follows:
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On the other hand, the type 2 mesh texture is characterized by Al-rich serpentine + magnetite. The
serpentinization without brucite can be caused by addition of silica supplied by pyroxene and plagioclase,
as observed in harzburgite, lherzorite, and troctolite in previous studies (Beard et al., 2009; Katayama

et al., 2010; Oyanagi et al., 2018). In MgO-Si02-H20 system, this reaction can be written as follows:

3Mg28104 + 4’H20 + SiOZ,aq = ZMg381205(OH)4 (RZ.B)

Hydrothermal experiments of olivine with silica-rich minerals (plagioclase or quartz) show that brucite
is not produced near the Si-rich minerals (Ogasawara et al., 2013; Oyanagi et al., 2018).  Alteration of
Al-rich minerals (plagioclase and/or clinopyroxene) can supply Al to the serpentine, forming Al-rich
serpentine (Oyanagi et al., 2018).

The area around the serpentine veins that cut the host rock mesh texture was completely
serpentinized, and the mesh core was replaced by Al- and Fe-rich yellow colored serpentine. Even in
the highly altered gabboric rocks, the clinopyroxene was not altered, suggesting that the main source of
Al and Si was most likely plagioclase. Radial cracks (now filled by chlorite, prehnite, or serpenitne)
were observed in the plagioclase and clinopyroxene around the serpentinized olivine grains. In the
layered gabbro (Fig. 2.2E), fractures (now filled by serpentine) vertical to the layered structure were
observed in the plagioclase-rich layers surrounded by olivine-rich layers.

These cracks can increase the surface area in Al-rich mienrals and may enhance the supply of
Al and Si. Thermodynamic modeling of olivine and plagioclase alteration under greenstone facies
conditions also indicates that the silica potential for plagioclase alteration to form prehnite + chlorite
may be higher than that of olivine serpentinization (Nozaka and Tateishi, 2023). This is consistent with
the interpretation that Si activity was increased by plagioclase alteration.

The area around the serpentine veins that cut the host rock mesh texture was completely
serpentinized, and the mesh core was replaced by Al- and Fe-rich yellow colored serpentine. Even in
the highly altered gabboric rocks, the clinopyroxene was not altered, suggesting that the main source of
Al and Si was most likely plagioclase. Radial cracks (now filled by chlorite, prehnite, or serpenitne)
were observed in the plagioclase and clinopyroxene around the serpentinized olivine grains. In the
layered gabbro (Fig. 2.2E), fractures (now filled by serpentine) vertical to the layered structure were
observed in the plagioclase-rich layers surrounded by olivine-rich layers.

These fractures may increase the surface area of Al-rich minerals and may enhance the supply
of Al and Si. Thermodynamic modeling of olivine and plagioclase alteration under greenstone facies
conditions also suggests that the silica potential for plagioclase alteration to form prehnite + chlorite
may be higher than that for olivine serpentinization (Nozaka and Tateishi, 2023). This is consistent with
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the interpretation that Si activity was increased by plagioclase alteration.

Based on these observations, the serpentinization reaction microstructure of the gabbroic rocks
records a transition from a closed system except for water (type 1 mesh texture) to an open system with
addition of Al and Si and an increase in the water/rock ratio (Al-rich serpentine in type 2 mesh texture,
serpentine veins, and Al-rich mesh core). Transitions from closed to open systems have also been
observed in serpentinized troctolites on the seafloor (Beard ef al., 2009) and in harzburgites and wherlite
(Oyanagi et al., 2018). This trend of higher water to rock ratios with mineral vein formation during
serpentinization is consistent with the interpretations discussed in previous studies (Frost et al., 2013;
Schwarzenbach et al., 2016). Andreani et al. (2007) suggested the transition from a closed system to an
open system during serpentinization on the mid-Atlantic ridge, based on detailed observations of vein
systems within serpentinized peridotites. They discussed that this transition was caused by unroofing at
a detachment fault. The results of this chapter indicate that, In addition to such tectonic processes,
enhancement of mass transfer can be induced by reaction-induced fracturing (e.g., Jamtveit et al., 2008;
Kelemen and Hirth, 2012), as shown by radial fracturing within troctolite. As fluid flow is considered
explicitly in the model, I show that permeability increases to several times the initial value during the
hydration (Fig. 3.14D and 3.15D). Stresses produced by serpentinization reactions, inferred from
reaction Gibbs energies, are believed to be sufficient to form fractures even at several kilometers to tens
of kilometers below ground (Kelemen and Hirth, 2014; Malvoisin et al., 2017). Therefore, the increase
in permeability and change from a closed to a liberated system due to such reactions may also occur
deep underground.

In summary, the observed fracture patterns are reproduced well by the modeled fracturing
induced by serpentinization reaction and support the inference of permeability enhancement during
serpentinization. The enhanced permeability by the formation of fracture network could enlarge the
effective distance of element transfer (such as silica and aluminum), which change the serpentinization

reactions.

3.6. Summaries

Chapter 3 focused on microcracks and fractures in the gabbroic rocks. A layered structure of
olivine-rich and plagioclase-rich layers was observed in the lower crust. In the field observation,
fractures perpendicular to the layered structure were observed in the plagioclase-rich layer. Microscopic
observation revealed radial cracks in plagioclase and pyroxene around partially serpentinized olivine in
the gabbroic rocks. The orientation of microcracks in troctolites at the boundary between olivine-rich
and plagioclase-rich layers was predominantly perpendicular to the layered structure in the plagioclase-
rich layers, while the olivine-rich layers showed relatively random orientation.

The coupled mechanical-chemical-hydrological two-dimensional numerical simulations was
performed to gain insight into the formation mechanism of the microcracks and fractures in natural

samples. As a result, in the single grain model, cracks with mesh texture were formed in the interior of
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the reactive material and radial cracks were formed in the non-reactive material surrounding the reactive
material. In the layered structure model, cracks predominating in the perpendicular to the layered
structure were formed in the non-reactive material layers. These features are consistent with natural
observations.

Simulations of the multi grain model indicate the formation of a network of cracks link
between each reactive material grains, which increase the permeability by more than one order of
magnitude after the percolation. The layered structure model results also indicate that hydration of the
reactive material layer promote vertical fluid flow by forming vertical fractures in the non-reactive
material layers above and below it.

The change from low to high permeability in the early stages of the reaction, as indicated by
numerical simulations, is consistent with the change from a closed to a open system observed in natural
samples. In addition, the cracks developed in the plagioclase or clinopyroxene increase the reaction
suface area and may enhance dissolution of these mienrals. It result the addition of Al and Si to the
serpentine in the later stage serpentinization as observed in the natural samples. These features suggest
that reaction-induced fracturing causes a transition from a closed to an open system, and enhances fluid

infiltration through the initially less permeable lower crust and into the deeper oceanic lithosphere.

Part of the content of the Chapter 3 has been published as the following publication:

Yoshida, K., Okamoto, A., Shimizu, H., Oyanagi, R., Tsuchiya, N., Oman Drilling Project Phase 2
Science Party, “Fluid Infiltration Through Oceanic Lower Crust in Response to Reaction-Induced
Fracturing: Insights From Serpentinized Troctolite and Numerical Models”, Journal of Geophysical
Research: Solid Earth, 125, 11, 2020, DOI:10.1029/2020JB020268.

140



Chapter 4: Fluid flow in through fracture network in serpentinites

4.1. Introduction

Mineral veins are record of fluid flow pathways. In serpentinite, mineral veins can be observed
at various scales from the micrometer scale to the outcrop scale. While the importance of microcracks
highlighted in Chapter 3, relatively large-scale fractures observed at outcrop scale from thin sections
scale may play an important role as the high flux fluid pathway. However, it is not well known how long
the mineral veins found in natural serpentinites formed and how much fluid flowed through the fracture.
Local mass transport caused by fluid flow along a fracture in the rock can cause the sides of the fluid
pathway to be replaced by minerals that are different from the host rock. Such structures are called
"reaction zone" and provide unique insights into water-rock interactions. Several recent studies have
analyzed the width and elemental profiles of reaction zones along mineral veins to constrain the time
scale of fluid-rock interactions in subducting oceanic crust (John et al., 2012) and middle continental
crust (Mindaleva et al., 2020), as well as temperature-pressure conditions and fluid activity times and
fluid flow velocities. These studies suggest that fluid infiltration events can occur over short time
intervals (103-10? years) compared to the full duration of regional metamorphism (10°-107 years).
However, because geologic structures that capture the time scale of fluid-rock interactions are rare, to
my knowledge, there are no studies that provide geologic constraints on the time scale and velocity of
fluid flow in the formation of antigorite veins in serpentinite.

In this chapter, I examine the occurrence of an antigoritetchrysotile vein network developed
in hydrated ultramafic rocks in the Oman ophiolite. The antigorite-chrysotile veins with brucite-rich
reaction zones provide a unique insight into the conditions and timescale of antigorite formation, and
fluid flow in subduction zone. Based on detailed microstructural observations, mass balance and
mineral-fluid equilibrium calculations, coupled with a diffusion model for the reaction zone, I estimated
the timescale of vein formation and the fluid flow rate through the fractures. The results indicate that a

large amount of fluid flowed in a short period of time (several months to several years).
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4.2. Samples and Methods

4.2.1. Samples

The analyzed samples were core samples of dunite recovered in CM1A and CM2B by the
Oman Drillin Project, located in the Wadi Tayn massif, Oman. A total of 41 thin sections from the lower

crust to the upper mantle were examined for the distribution of antigorite+chrysotile veins.

4.2.2. Transmission electron microscope

An electron-transparent foil across the reaction zone was prepared using a focused ion beam
(FIB) — SEM (TFS Helios G3 Nanolab; Utrecht University, the Netherlands). Subsequent analysis of
the foil was carried out in a transmission electron microscopy (TEM; TFS Talos F200X; Utrecht
University, the Netherlands) using both bright-field TEM imaging and scanning TEM imaging modes

as well as energy-dispersive X-ray analysis.

4.3. Results

4.3.1. Distribution of antigorite veins

Fig. 4.1 shows X-ray computed tomography (CT) and transmitted light thin section
photographs of typical serpentinized dunite samples with antigorite + chrysotile in the crust-mantle
transition zone (CMI1A-9072-48-53 and CMI1A-13773-46-54). The orientation of the
antigoritetchrysotile veins vary with borehole depth and are cut by later chrysotile veins (Kelemen et
al., 2020) (Fig. 4.1B). The serpentinized dunite samples consist of lizardite, brucite, magnetite and Cr-
rich spinel. Fresh olivine was not observed. The sample has a mesh texture developed during
serpentinization. Some dunite samples were weathered (i.e., coalingite, oxyhydroxides, and clays
(Kelemen et al., 2020; Fig. 4.1B). Antigorite + chrysotile veins in some dunites have brucite-rich
reaction zones extending from the vein wall into the host rock along the vein (Fig. 4.1A). The antigorite
+ chrysotile vein with reaction zones is characterized by higher X-ray absorption in X-ray CT images
(Fig. 4.1A) compared to the host rock matrix. In contrast, there is little contrast in CT images of samples
from depths near the mantle section that do not have reaction zones (Fig. 4.1B).

Thin section observations reveal the discrete and widespread presence of antigorite +
chrysotile veins (Fig. 4.2). In hole CM1A, antigorite &+ chrysotile veins are present in serpentinized
dunite in the crust-mantle transition zone (160-180 m depth) and in several thin dunite layers in the
upper mantle section (Fig. 4.2). In CM2B, antigoritetchrysotile veins are observed in serpentinized
dunites at 0-30 m depth in the crust-mantle transition zone and in serpentinized harzburgites in the upper
mantle at 140-200 m depth.
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Fig. 4.1. X-ray CT images and thin sections of typical dunite with antigorite+chrysotile veins. (A) CM1A-90Z-2-
48-53 and (B) CM1A-137Z-3-46-54.
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Fig. 4.2. Columnar sections of CM1A and CM2B. Distribution of Atg+Ctl vein with and without Brc-rich reaction
zones (RZs) are indicated by red and white stars, respectively; CMTZ is the crust-mantle transition zone.
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4.3.2. Microstructures and chemical characteristics

A typical dunite with antigoritetchrysotile vein with brucite-rich reaction zones was analyzed
in detail for microstructure and chemical composition (CM1A-90Z2-48-53). The brucite-rich reaction
zones are characterized by Si-poor regions in the Si elemental map (Fig. 4.3A). Within the reaction zone,
brucite preferentially occurs in the mesh cores, while the mesh rims are replaced by chrysotile (Fig.
4.3B). Within the antigorite+chrysotile veins, ~10-100 um long blade-shaped antigorite crystals (Xwg, =
0.97-0.98) is randomly oriented, and fine-grained chrysotile (Xu [Mg?/(Mg*" + Fe?*)] = 0.97-0.98) fills
the spaces between antigorite crystals (Fig. 4.4A). The host rock matrix consists of lizardite (97.5% by
area; Xmg = 0.97), brucite (0.5% by area; Xug = 0.85), and magnetite (2.0% by area; ~1-2 um size; Fig.
4.4B). The reaction zone consists of brucite (41.0 area%; Xum, =0.88), chrysotile (55.3 area%; Xmg =0.97),
and magnetite (3.0 area%; ~1-2 um size; Fig. 4.4C).

A spontaneous channeling structures called "wormholes" (Szymczak et al., 2009; Devauchelle
et al., 2017) developed in the brucite-rich reaction zone. The wormholes propagated from the vein wall
into the reaction zones (Fig. 4.5). The wormholes are coated by magnetite at their boundaries to the
brucite / matrix serpentine. The interior of the wormhole is filled with chrysotile (Xumg = 0.96-0.97).

The nanostructure of the reaction front was observed by transmission electron microscopy
(TEM). TEM observations show that the chrysotile crystals are located in the spaces between the brucite
crystals in the reaction zone, and pores occur around the brucite grains in the host rock matrix (Fig. 4.6).
The reaction zone has a sharp boundary with the matrix on the millimeter- (Fig. 4.3A) to nanometer

scale (Fig. 4.6A) with preservation of the mesh textures (Fig. 4.3A).
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Fig. 4.3. Microstructure of the reaction zone and antigorite-chrysotile vein in a dunite sample (90Z2). (A) Back-
scattered electron (BSE) image and Si elemental map of the brucite-rich reaction zone. The yellow dotted lines
represent the boundaries of mesh domains. (B) BSE image and Si elemental map of the region indicated by the
white box in (A). The reaction zone has a brucite mesh core and chrysotile mesh rim.
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Fig. 4.4. SEM images of the (A) antigoritetchrysotile vein, (B) host rock matrix, and (C) brucite-rich reaction
zone..

Fig. 4.5. (A) Micro-focused X-ray CT image of the antigorite vein and surrounding rock. (B) Image of the Z-Y
cross-section. (C) Three-dimensional structure of the wormhole. (D) Close up view of the Z-Y cross-section focus
on the wormholes. White arrows indicate wormholes, which are 60 um in diameter and connected to the antigorite-
chrysotile vein. Atg = antigorite, Ctl = chrysotile, WH = wormbhole.
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Fig. 4.6. TEM image at the boundary of host rock and brucite-rich reaction zone. (A) Wide view of TEM image
and EDX Si-map of the reaction front. (B) Close up view of the region indicated by the yellow box in (A). Brc =
brucite; Ctl = chrysotile; Mag = magnetite.
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4.3.3. Measurement of the reaction zone widths from X-ray CT imaging

X-ray micro-computed tomography showed high X-ray CT absorption in the reaction zone.
The width of the reaction zone was determined by image processing using ImagelJ software (Schneider,
Rasband, and Eliceiri 2012). A Euclid distance map represents the distance to the nearest background
pixel as a value for each pixel. Thus, the pixel near the center of the reaction zone has a value equal to
the width of the reaction zone. The center pixel was obtained by a thinning process and the value of the
pixel was used as the width of the reaction zone. The obtained width of brucite-rich reaction zones
ranges from 0.5 to 1.3 mm (average = 0.88 mm; Fig. 4.7) and is independent of the distribution of

wormbholes.
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Fig. 4.7. Histgram of the reaction zone width in CM1A-9072-48-53.

4.3.4. Estimation of porosity in the reaction zone

TEM image analysis indicates that the porosity of the host rock is approximately 3%, which is
consistent with the reported porosity (2.54 + 1.51%; Katayama et al. 2020; Kelemen et al. 2020) for
serpentinized dunite in the Oman ophiolite. The porosity in the reaction zone was estimated based on
two types of microstructural observations. TEM observation of the brucite-rich reaction zone near the
reaction front showed that aggregates of needle-like chrysotile crystals were formed in the spaces
between the brucite crystals (Fig. 4.6). This indicates that chrysotile crystals precipitated from the
solution into the interstices. If the chrysotile present in the reaction zone was a void at the time of

reaction zone formation, the TEM image analysis indicates a porosity of ~10% in the reaction zone. The
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mesh rims in the brucite-rich reaction zone are preferentially replaced by chrysotile (Fig. 4.3B),

indicating that brucite reacted with silica-rich fluids to form chrysotile, as follows:
Mg(OH)Z + ZSiOZ,aq = Mg381205(0H)4 + H20 (R4’.1)

This is a volume-increasing reaction with V/V0 = 1.44. Using the V/V0 value and the modal abundance
of chrysotile (55.3%; Fig. 4.8), as well as the preservation of the outline of the reticulate region within
the reaction zone, the maximum porosity of the brucite reaction zone prior to chrysotile formation is
17%. Based on the porosity estimates for the two microstructures, the range of porosities is estimated
between 10% and 17%. This value for the reaction zone is higher than that observed for the host rock
matrix (~3%). The high porosity in the reaction zone is likely caused by porosity formed by mineral

replacement reactions (Beaudoin et al., 2018; Beinlich et al., 2020; Plimper et al., 2017; Putnis, 2002).

4.3.5. Mass balance calculation

To calculate the gain or loss of elements in the formation of the reaction zone, a mass balance
calculation based on Gresens' equation (Gresens 1967) was conducted based on the modal abundance
and chemical composition of the minerals. In Gresens' equation, mass transfer is calculated by assuming
volume and bulk composition before and after alteration. The bulk compositions of the reaction zone
and host rock matrix were determined from the mineral phase map based on EPMA elemental maps (Fig.
4.8). The mineral chemistry of each mineral is based on EPMA data for each mineral. Some assumptions
were made in the calculation of the mineral mode of the reaction zone. Chrysotile was observed along
the mesh rims of the reaction zone (Fig. 4.3B), suggesting that brucite (Tutolo et al. 2018) silicified after
the formation of the reaction zone (Fig. 4.3). Therefore, the volume of chrysotile was recalculated as the
volume of brucite, assuming that the reaction zone consisted only of brucite and magnetite (Reaction
R4.1).

The reaction zone and host rock matrix contain fine-grained magnetite (~1 pum), but it is
difficult to identify these minerals in the EPMA maps (c.f. probe diameter = ~1-2 um). Therefore, the
amount of fine-grained magnetite was determined from backscattered electron images (Fig. 4.4B; matrix
= 2.0 area%, Fig. 4.4C; reaction zone = 1.8 area%). Therefore, the reaction zone was assumed to consist
of 97.0 area percent brucite [Mgo ssFeo.12(OH).] and 3.0 area percent magnetite. The mineral mode of
the host rock matrix is determined to be 97.5 area percent lizardite [Mg; oFeSio10s(OH):], 0.5 area
percent brucite [Mgo ssFeo.1s(OH)2], and 2.0 area percent magnetite. The mineral phase map (Fig. 4.8)
based on elemental maps of Si, Mg, Fe, and Cr was generated using XMapTools (Lanari et al. 2014).
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Fig. 4.8. Mineral phase map obtained with XMapTools. (A) The matrix consists of lizardite + magnetite (94.5
area %), brucite + lizardite + magnetite (3.8 area %), and Cr-rich spinel (0.4 area %). (B) The reaction zone consists
of chrysotile + magnetite (56.3 area %), brucite + magnetite (41.8 area %), and magnetite (1.2 area %). Lz =
lizardite, Ctl = chrysotile, Mag = magnetite, Brc = brucite, Sp = spinel.

The mass balance was calculated using the Gresens equation (Gresens 1967):

PRz
fv( CIIIRZ _ Cr\{Vall rock _ Xp, (4_1)
Pwall rock

where, f, is the volume factor, and prz and puairix are the average density of the reaction zone and

matrix, respectively, as follows:

AszLz + ABrchrc + AMagpMag

= ) 4.2
PMatrix ALZ +ABrc +AMag ( )

ABrchrc + AMagpMag

, (4.3)
ABrc + AMag

Prz =

where, ¢cR? and cM2UX are the weight fractions of component 7 in the reaction zone and matrix,

respectively, and Xx,, isthe gain or loss for each component. The bulk rock composition used to calculate

the mass balance is shown in Table 4.2.

n n n
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Table 4.2. Mineralogy, average density, and major element compositions of the reaction zone and matrix.

Area % Bulk composition (wt. %)
Lizardite  Brucite Magnetite Avg. density (g cm™) SiO, Fe,05 MgO FeO H,O
Matrix 97.5 0.5 2.0 2.6 41.0 2.7 40.3 35 124
Rz 0.0 97.0 3.0 25 0.0 4.3 53.5 15.0 27.2

Note: RZ = reaction zone.

Fig. 4.9 shows the gains and losses of each element during the formation of the brucite-rich

reaction zone by replacement of the host rock matrix (lizardite + brucite + magnetite), calculated using

the Gresens equation. MgO, FeO and H>O increase with decreasing volume factor (f, = ratio of solid

volume to initial solid volume). On the other hand, since the product mineral (brucite) does not contain
Si0; [c.f. chemical formula of brucite: (Mgx,Feix)(OH):], a significant amount of SiO, (40 g Si0,/100

g host rock matrix) should be removed from the host rock matrix (Fig. 4.9). The estimated porosity of

10%—17% corresponds to f, = 0.83—0.90, which is similar to the value obtained from minimizing the

total mass transport (fv = 0.80; Fig. 4.9). Using fv = 0.87 (i.e., the mid-value of the range 0.83-0.90),

the reaction that resulted in the development of the brucite reaction zone is as follows:

Mg, o1Feg 09Si, 05 (0H), [lizardite] + 0.02Mg, g5 Fey 15(OH), [brucite in host rock] + 0.40Mg0

+ 0.35Fe0 + 1.76H,0
= 3.78Mg, ggFeq 12 (OH), [brucite in reaction zone] + 0.02Fe, 05 + 25i0; 54
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Fig. 4.9. Gains and losses of species per unit volume of rock due to volume changes. The total mass transfer was
calculated from the sum of the absolute values for each species. The gray area indicates the porosity in the reaction

zone, as inferred from microstructural observations.
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4.4. Discussion

4.4.1. Formation conditions of antigorite-chrysotile vein

The conditions for the formation of antigorite + chrysotile veins were considered based on
microstructural observations and thermodynamic calculations. Chrysotile occurs between the antigorite
blades of the antigorite-chrysotile vein (Fig. 4.4A) and in the replacement of wormholes and mesh rims
in the brucite-rich reaction zone (Fig. 4.3B). In addition, TEM observations of the reaction front of the
brucite-rich reaction zone show that chrysotile crystals occur in the interstices between brucite crystals
(Fig. 4.6). These phenomena suggest that chrysotile formation followed the formation of antigorite in
the vein and reaction zone. Based on the natural occurrence of serpentine minerals, antigorite is thought
to be more stable at high temperatures than lizardite (Evans 2004; Schwartz et al. 2013), which is
consistent with the fact that antigorite formation has only been observed at high temperatures in many
laboratory experiments (Wunder and Schreyer, 1997; Nakatani and Nakamura, 2016). Experimental
studies of antigorite formation from olivine at low pressures (<0.5 GPa) are lacking, but thermodynamic
data suggest that antigorite + brucite mineral assemblages would be stable at 300-450 °C and 0.1-0.5
GPa (Evans 2004). In addition, Infiltration of silica-rich fluids could induce crystallization of antigorite
(Roumejion et al., 2019; Falk and Kelemen., 2015). Therefore, in order to consider the formation of
antigorite, it is necessary to consider silica activity in addition to temperature and pressure.

When considering the precipitation reaction of a mineral from a solution, the
thermodynamically stable mineral that precipitates at a given temperature, pressure, and solution
composition can be determined by calculating the reaction Gibbs energy (A:G). The precipitation
reaction of the minerals commonly found in serpentinite: antigorite (Atg), lizardite (Lz), chrysotile (Ctl),

talc (Tlc), brucite (Brc), and forsterite (Fo), can be written as follows:

48Mg?* — 96H" + 79H,0 + 34Si0, 5q = Mg4gSiz40g5(0H)6; [Atg] (R4.3)

48Mg®* — 96H™ + 80H,0 + 32Si0, 54 = 16Mg;Si,05(0H), [Lz/Ctl] (R4.4)
48Mg?* — 96H" + 64H,0 + 64Si0, 54 = 16Mg3Sis 041 (0OH), [Tc] (R4.5)

48Mg?* — 96H™ + 96H,0 = 48Mg(OH), [Brc] (R4.6)

48Mg** — 96H™ + 48H,0 + 24Si0, ,q = 24Mg,SiO0, [Fo] (R4.7)

In each precipitation reaction, positive reaction occurs spontaneously when A;G <0, and minerals are
precipitated; minerals with the smallest A;G are thermodynamically stable. Next, the change in A:G in

each precipitation reaction was calculated when Mg?" and H" in solution were constant and only the
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composition of SiO,,q was changed. The reaction quotient (Q) for the precipitation reaction of each

mineral can be written as follows, assuming the activity of the solid and liquid to be unity (activity = 1).

1
Qatg = 34
(aMg2+)48(aH+)_96 (asmz,aq)
1
Quz = v 32
(aMg2+) (ag+)~% (asmz,aq)
1
Qcu = P 32
(aMg2+) (ap+)—%° (asmz,aq)
1
Qric = " o4
(aMg2+) (ClH+)_96 (aSioz’aq)
1
QBrC = 48
(aMg2+) (aH+)‘96
1
Qro =

28 24
(aMg2+) (ag+)~% (QSioz,aq)

(4.6)

(4.7)

(4.8)

(4.9)

(4.10)

(4.11)

The reaction Gibbs energy for the each precipitation reaction is obtained from the each reaction quotient

(Q) and the standard reaction Gibbs energy (A.G®©) for each reaction as follows:

A.G = A.G® + RTInQ

(4.12)

Where, R is gas constant, 7T is temperature. In the reaction equilibrium conditions, since A.G = 0, the

standard reaction Gibbs energy can be written using the equilibrium constant (K) as follows:

A,.G© = —RTInK
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The relationship between the reaction Gibbs energy and the solution composition are given by

substituting Eq. 4.12 into Eq. 4.13 and substituting the reaction quotient for each mineral, as follows:

A, Gag = —RTInK; — 34RTIn (agio,,, ) — 48RT mg” 1
rGatg = nk, n({asio, ,, ) — 48RTIn (@) (4.14)
A,Gy, = —RTInK, — 32RTIn (asyo, ) — 48RTI mg? 15
Gy = nk, n|{dsio, ,, 48RTIn CE (4.15)
AyGey = —RTInK; — 32RTIn (asio, ) — 48RTI mg? 16
rGey = nkj n|{asio,,, ) — 48RTIn @ns)? (4.16)
A;Gric = —RTInK, — 64RTln (ago,,, ) — 48RTI mg? 1
rGT1c = nk, n{asio, ,, 48RTIn CE (4.17)
aMg2+
A, Ggre = —RTINKs — 48RTln< ) (4.18)
(aH+)2
A,Gro = —RTInKg — 24RTIn (ago, ) — 48R mg” 19
rYFo — Nig n aSlOz_aq 48RTIn (aH+)2 (4- )

The phase diagram can be made by assuming that the mineral with the lowest reaction Gibbs energy is
stable. Equilibrium constants at each temperature and pressure were calculated using SUPCRTBL
software (Zimmer et al., 2016), which based on thermodynamic data set of Holland and Powell (2011).
Fig. 4.10 is a stability phase diagram of temperature—silica activity at 200 MPa in the MgO-SiO>—H,O
system. The diagram suggests that antigorite is stable at higher temperatures and silica activities than
lizardite (Fig. 4.10), which is consistent with natural occurrences of antigorite at high temperatures
(Evans 2004) or high silica activities even at low temperatures (Roumejion et al., 2019; Falk and
Kelemen., 2015). Chrysotile does not appear in the phase diagram because it is metastable (Evans 2004).

Previous studies of abyssal serpentinites have shown that the occurrence of antigorite veins
associated with talc indicates that antigorite crystallization is caused by infiltration of silica-rich fluids
(Roumejion et al., 2019). However, it is unlikely that the antigorite+chrysotile veins are associated with
brucite-rich reaction zones because brucite is only stable at low silica activities (i.e., several orders of
magnitude lower than talc) (Fig. 4.10). Therefore, it is more likely that the relatively high temperature

fluid (300-450°C) precipitated the antigorite into the fractures to form the brucite-rich reaction zones.
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Fig. 4.10. SiO, 44 activity—temperature phase diagram of a MgO—SiO>—H,0 system at 200 MPa. The dashed line
shows the lizardite—brucite equilibrium.

4.4.2. Brucite-rich reaction zone formation

Mass balance calculations indicate that a significant amount of SiO; (40 g SiO»/100 g of host
rock) must be removed from the host rock matrix during the formation of the brucite-rich reaction zone
via matrix replacement (Fig. 4.9). To understand the chemical driving force for the formation of the
brucite-rich reaction zone, the chemical potential gradients were determined based on local equilibrium
assumptions for the MgO-SiO,-H,0O system under typical T-P conditions. For the Mg-fixed system, the

antigorite-brucite (Atg-Brc) and lizardite-brucite (Lz-Brc) equilibrium are written as follows:
48Mg(OH), [brucite] + 34Si0; 5q = MgygSi340g5(0H)6 [antigorite] + 17H,0 (R4.8)
48Mg(OH), [brucite] + 32Si0,,q = 16Mg3Si,05(0H),/[lizardite] + 17H,0 (R4.9)

The reaction Gibbs free energy for each reaction is as follow:

B, Garg—re = —RTINKg; — 34RTIn (asio, ) (4.20)

ByGryope = —RTInKy, — 32RTIn (asio, , ) (4.21)
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where, Kr1 and Kr» are the equilibrium constant for Reaction R4.8 and R4.9, respectively. The

equations 4.20 and 4.21 show that antigorite is steeper than lizardite in the Gibbs free energy versus
silica activity plot (Fig. 4.11). This relationship depends only on the coefficient of RTIn (aSiO R aq)

for antigorite (-34) and lizardite (-32), respectively. This topological relationship is a result of the

difference in the chemical formulas of lizardite and antigorite. This difference results in different
values of RTIn (a5i0 ) aq) for antigorite and lizardite, which in turn results in different chemical

potentials. The silica activity at each equilibrium (A:G = 0) is obtained as follows:

Kr1

In (aSioz‘aq) = —g (4‘22)
K

In (aSioz_aq) = —% (4.23)

At low temperature (c.f. 100°C), when lizardite is stable, the silica activity at the lizardite-brucite
equilibrium [log (aSiO 2’aq)=—7.05] is higher than at the Atg-Brc equilibrium [log (a5i0 2'aq)=—7.00]
(Fig. 4.11C). On the other hand, at high temperature (c.f. 350 °C), when antigorite is stable, silica

activity at the reaction front [lizardite-brucite equilibrium; log (aSiO ) aq)=—4.02] is higher than at the

vein wall (antigorite-brucite equilibrium; log (aSiO ) aq)=—4.1 1) (Fig. 4.11D). The difference in silica

concentration between the host rock (lizardite-brucite equilibrium) and the antigorite vein wall
(antigorite-brucite equilibrium) can cause aqueous silica diffusion, forming a silica-depleted brucite-
rich reaction zone. This concentration difference, assuming an ideal solution (activity =

concentration), can be written as follow:

KRy

K
ACsio,,, = 10732 — 10734 (4.24)

These results indicate that antigorite-brucite is stable only when infiltrated by high temperature fluid
(c.f. 350 °C; Fig. 4.12).

156



(A) 1400 (B) 1400
1000 1000 +
© 2 600 - o2 600 +
m o m
(68 % 200 e 200
S E $E i
@ ! L
O S 200 03 200 f
('_.I-) g n g
a3 -600 9 5 -600 £
-1000 -1000
1400 +—— . . . ; . -1400 +—— . . ; . :
-8.0 70 -6.0 -50 -40 -3.0 -20 -1.0 -8.0 -7.0 -6.0 -50 -40 -3.0 -20 -1.0
log aSiO, ,, log aSiO, .4
(C) 100 (D) 1000
N\ 100 °C .
N N
. 48Brc 8O
p 2 0 0 g
o @ o @ 600 4
02 0L
27 e
| S -100 S E 400 1
(O3 ) ﬁ
el ] a8 2004
<2-200 1 : 432 48Brc
0
-300 : -200 i :
8.0 7.0 -6.0 -7.0 6.0 5.0 -4.0
log aSiO, ., log aSiO, ,,

Fig. 4.11. Gibbs free energy (kJ / 48 mol brucite) versus silica activity at 1 kbar at (A) 350 °C and (B) 100 °C. (C-
D)Close-up of the plot at 350 °C (C) and 100 °C (D).

Based on  microstructural  observations and thermodynamic  considerations,
antigorite+chrysotile veins with brucite-rich reaction zones may have formed as follows: (1) Fractures
are formed that provide a fluid pathway (Fig. 4.12A). (2) Silica-poor, high-temperature fluid (c.f.
350 °C) penetrates along the fracture, precipitating antigorite in the fracture and forming a brucite-rich
reaction zones (Fig. 4.12B). (3) The later stage fluid dissolves the brucite and forms wormholes in the
brucite reaction zone (Fig. 4.12C). (4) Brucite-rich reaction zone is partly replaced by chrysotile (Fig.
4.12D).

The formation of the brucite-rich reaction zone required the removal of silica, while other
elements were relatively immobile during the reaction zone formation (Fig. 4.9). This eclemental
mobilization is in contrast to most reaction zones in metamorphic rocks, which are caused by the
addition of elements from fluids (e.g., Cl (Mindaleva et al., 2020), CO, (Beinlich et al., 2020; Okamoto
et al., 2021)). The formation of reaction zones due to element removal has been reported in rock zones
associated with quartz (Fisher and Brantley, 2014) and quartz + kyanite veins (Ague, 2011) and is
attributed to the low solubility of quartz in open fractures. In the case of this study, the silica activity

gradient was caused by the serpentine-brucite equilibrium. The silica mobilization and pseudo-
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replacement of the host rock mesh textures (Fig. 4.3B) suggest that prior to chrysotile precipitation in
reaction-induced pore spaces (Fig. 4.6) or replacement of brucite by chrysotile (Fig. 4.3B), the high
porosity (~10% to 17%) suggests that the development of the long-term presence of such pores along
fractures may also affect the Vp/Vs anisotropy within the mantle wedge (Kuster and Toksdz, 1974).

Lz+Bc+Mag

Fig. 4.12. Schematic model for reaction zone formation. The brucite reaction zone (blue) forms during antigorite
crystallization. Brucite is rapidly dissolved by later fluid infiltration (orange) to form the wormhole texture. Brucite
is partly silicified along the mesh texture and converted to chrysotile (yellow). Atg = antigorite; Lz = lizardite; Ctl
= chrysotile; Brc = brucite; Tlc = talc; Fo = forsterite; Mag = magnetite; WH = wormhole.

4.4.3. Time scale and fluid flow velocity for the reaction zone formation

The time-integrated fluid flux, duration, and fluid velocity along the fractures can be
constrained by the presence of the brucite-rich reaction zones. The mass balance calculation and
thermodynamic relationship suggest that silica was removed to form these reaction zones. Assuming
that the silica concentration at the vein wall was zero, a minimum duration of reaction zone formation
can be obtained. Alternatively, the fracture is filled with antigorite. Hence, the silica concentration at

Atg-Brc equilibrium is assumed to be the maximum silica concentration at the vein wall.
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Time scale for the reaction zone formation

The sharp reaction front of the brucite reaction zone (Figs. 4.3A and 4.6, and Fig.2.27 in
Chapter 2) suggests that the migration of the front is rate limited by diffusive transport rather than surface

reaction (Lichtner, 1988). The diffusive flux of silica (Qs;o, aq [mol m~ s7']) from the reaction zone is

given by:

Reaction front Vein wall
C$i0, 4 (CSioZ,alq = Csi0,0q )Pw

05040 = DSioz,aquRzT ~ Dsi02,aq¥Rz . , (4.25)

Vein wall
io

where Dg; (m? s7') is the diffusion coefficient of silica in water; CR&actionfront 4nq ¢
5i0z,aq Si03,aq Si0z,aq

(mol kg !(waer) are the silica concentrations at the reaction front and vein wall, respectively. prz and
pw are the densities of the reaction zone and water, respectively; x is the distance from the reaction front
to the fluid; and @gryz is the porosity of the reaction zone. The migration rate of the reaction zone is

given by

dx _ Csi0,,q

P — (4.26)

where 7 (s) is the time and ngz (mol m=rz) is the number of moles of SiO, 4 that are produced to form
a reaction zone with a volume of 1 m*. Combining Egs. 4.25 and 4.26, the time scale to form a reaction

zone with a width of wgz can be written as follows:

NRz 2

1
trz = E Reaction front __ C;/_ein wall)p WRz (4-27)
w

Dsio, . PRz (Cslozlaq 10224

Dsio2.aq Was set to 2.5 x 10 m? s7!, considering that the diffusivity for aqueous ionic species at 350°C
and 100-300 MPa varies from 1 x 10® to 5 x 10® m? s! (Oelkers and Helgeson, 1988). The width of
reaction zone (wrz) is set to the observed width of the brucite-rich reaction zones (0.5—1.3 mm; Fig. 4.7)
and grz to 10-17%. All parameters used in the calculation shown in Table 4.3.

Using the diffusion-controlled transport model for aqueous silica, a maximum duration of
reaction zone formation (frz) is obtained of 2.1 x 107! to 1.1 x 10' yr. The time scale is a maximum
estimate because increasing advective transport would enhance the migration rate of the reaction front.
Even though advection was neglected, this time scale is shorter than those estimated for vein formation
in eclogites (~200 yr (John et al., 2012)) and carbonation reactions related to ophiolite emplacement
(~20 yr (Beinlich et al., 2020)).
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Table 4.3. Parameters used in the calculations for formation time of the reaction zone (tRZ), time-integrated fluid
flux (Qm), and fluid velocity (v).

Parameter Description Value Units
Ngrz Number of moles of SiO; .4 that are produced to form a reaction zone with a volume of 1 m® 1.8E+04 mol m'a(Rz)
Npg Number of moles of SiO; 44 that are consumed to form antigorite with a volume of 1 m* 1.9E+04 mol m'awg)
Dsioz,aq Diffusion coefficient of silica in water 2.5E-08 m?s”
Prz Porosity in the reaction zone 0.10 - 017
cReacton o aq  Silica concentration at the reaction front 9.5E-05 mol kg (water)
CVoM™ N 02.0q Silica concentration at the vein wall 0.0 - 7.4E-05 mol kg (water)
Prz Density of the reaction zone 2400 kg m?
Patg Density of antigorite 2550 kg m?
pw Density of water (200MPa, 350°C) 840 kg m®
Wrz Width of the reaction zones 5.0E-04 - 1.3E-03 m
WE Width of the fracture 4.0E-04 - 5.0E-04 m

Fluid flow velocity

A unit volume (1 x 1 x 1 m) of host rock with a single fracture and reaction zones on both
sides of the fracture is considered to determine the fluid flow velocity. The total amount of fluid flow

that passes across an area of the fracture (Qr; m3(water) is approximately as follows:

Oy ~ SRZMRZ ~ $veinatg
T~ Vein wall ’
CSioz,aq Pw

(4.28)

where &rz (= 2wrz/unit length) and & (= wr/unit length) are the volume fractions of the reaction zone
and fracture. The numerator represents the amount of silica that must be transported by the fluid (7.7—
37.3 moles). The calculated total amount of fluid flow is 1.0x10% — 4.8x10? m?. The average fluid flow
velocity v (m s7!) is given by the cross-sectional area of the fracture (4r = wrxunit length) and duration
of the fluid flow (trz), v = Qr/(A4rtrz).

Assuming that the silica concentration of the fluid in the fracture was zero, flow velocity, v, of
2.7 %107 t0 4.9 x 102 m s™! is obtained. This velocity along the fractures in the mantle wedge is lower
than that estimated for fluid flow related to earthquakes in the crust (~10"! — 10! m s (Cox and Munroe,
2016; Oliver et al., 2006)), but similar to that estimated for tensile quartz veins in high-pressure
metamorphic rocks in ancient subduction zones (~102-10"! m s! (Okamoto and Tsuchiya, 2009)).

The drill core from Hole CM1A contains abundant vein networks in the mantle, crust-mantle
transition zone, and lower crust. The antigorite—chrysotile veins occur mainly at depths of 160—180 m
in Hole CM1A, where intense fault zones are commonly developed (Fig. 4.2), suggesting that these vein
networks formed in association with faulting events. The occurrence of antigorite—chrysotile veins and
their trace element compositions (Figs. 2.47 and 2.48 in Chapter 2) indicate that infiltration of slab-
derived fluids occurs in supra-subduction zones. The absence of banded texture (Tarling ef al., 2021) in
the antigorite-chrysotile veins suggests that each vein resulted from a single fluid flow event.
Additionally, it indicates that an open fracture persisted until mineral precipitation filled the fracture

(Fisher et al., 2021). This fluid could have been at higher temperatures (Atg—Brc equilibrium) than the
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host rock in which Lz—Brc was stable, although the precise temperature difference is not clear. Similar
antigorite vein networks have been reported in several ophiolites in supra-subduction settings (Carter et
al.,2021; Dandar et al., 2021; Ulrich et al., 2020), suggesting that channelized fluid flow along fracture
networks is common in supra-subduction zones. In general, while it seems that each individual vein was
created by a single fluid flow event, the fact that the antigorite-chrysotile veins intersect each other (Fig.

2.22) indicates that multiple fracturing and fluid flow events occurred to create the entire vein network.
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4.44. Comparison with fluid flow velocities of geological and

geophysical processes

The velocity of the fluid through the serpentinite in the subduction zone, calculated from the
permeability, is ~10~° m s7! (Kawano et al., 2011), which is several orders of magnitude slower than the
velocity of fluid movement obtained here. It is also slower than the velocity of fluid moving through the
fracture zone of the fault. On the other hand, it is similar to the velocity of fluid flowing through a crack
in a subduction zone (Okamoto and Tsuchiya, 2009).

Subduction zone seismicity is closely linked to pore fluid pressure (Audet et al., 2009; Kodaira
et al., 2004; Saffer and Tobin, 2011). The migration of epicenters and slip events above the subduction
plate boundary has been observed in several subduction zones, such as Nankai and Cascadia (Dragert et
al., 2004; Halpaap et al., 2019; Kostoglodov et al., 2003; Nakajima and Uchida, 2018; Nippress and
Rietbrock, 2007). The epicenters move relatively slowly (~10™* to 103 m s! (Dragert et al., 2004;
Nakajima and Uchida, 2018; Nippress and Rietbrock, 2007)) as compared with the rupture velocity
during major earthquakes (~10° m s! (Rowe and Griffith, 2015)). The migration of epicenters has been
observed at the depth of forearc mantle and is thought to represent fluid injection into the mantle wedge
(Halpaap et al., 2019; Nakajima and Uchida, 2018; Nippress and Rietbrock, 2007), which possibly
lowers the pore fluid pressure at the subduction zone megathrust. I compared geophysical observations
in the subduction zones with the estimate of the timescale and fluid flow velocity (Fig. 4.13).
Interestingly, the estimate of the timescale of reaction zone formation (2.1 x 107! to 1.1 x 10! yr) is close
to the seismically observed timescale of fluid activity inferred from supra-slab seismicity (~107' yr
(Nakajima and Uchida, 2018; Nippress and Rietbrock, 2007)), silent earthquakes (silent EQ, 10! to 10°
yr (Kostoglodov et al., 2003; Ozawa et al., 2002)), and slow slip events (SSEs, 10~ to 10! yr (Hirose
and Obara, 2005)). In addition, the fluid velocity estimated for the antigorite—chrysotile veins (2.7 x 10~
3t0 4.9 x 1072 m s7!) of the present study is similar to the observed propagation velocities of episodic
tremor and slip (ETS, ~10~' m s! (Dragert et al., 2004; Obara, 2002)), long-term SSE (~103to 102 m
s~! (Hirose and Obara, 2005)), and silent EQ (~107 to 102 m s™! (Kostoglodov et al., 2003; Ozawa et
al., 2002)). The comparison of the geological evidence with geophysical observations suggests that, in
contrast to the continuous nature of fluid supply from the subducting slab (Fig. 4.14A), some of the fluid
drainage into the overlying plate occurs as transient pulses, possibly related to the migration of micro-
seismicity (Fig. 4.14B). Such episodic fluid drainage causes rapid water—rock interactions within the
mantle wedge. Moreover, we suggest that large, short-lived fluid fluxes through the mantle wedge can

result in a decrease in pore fluid pressure, thereby influencing seismicity at a plate boundary.
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Fig. 4.13. Comparison of the characteristic velocities of propagation of seismic events and fluid flow estimated by
petrological observations. The plot shows velocities and timescale of fluid flow for data obtained in this study
(highlighted in red), as compared with the propagation velocities of slow slip events (SSEs) (Hirose and Obara,
2005), episodic tremor and slip (ETS) (Dragert et al., 2004), silent earthquake (EQ) (Kostoglodov et al., 2003;
Ozawa et al., 2002), and supra-slab seismicity (Nakajima and Uchida, 2018; Nippress and Rietbrock, 2007). Fluid
flow velocities in metamorphic rocks in ancient subduction zones (Okamoto and Tsuchiya, 2009), and fault zones
(Cox and Munroe, 2016; Oliver et al., 2006) estimated based on geological observation are shown on the right-
hand side.
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Fig. 4.14. Schematic model of subduction zone and a close-up view of the fracture zone. (A)Accumulation of
fluids from subducting plate and buildup of pore fluid pressure. (B) Fluid flow through fracture network triggered
by seismicity (white stars).

4.5. Summaries

In this chapter, I focused on serpentine (antigorite) veins and estimate the timing of their
formation, the time scale, and the velocity of the fluid flow. Trace element analyses and thermodynamic
calculations suggest that the antigorite veins were formed by subduction zone setting of high-
temperature fluids after serpentinization of the main stage of lizardite. It is also clear that antigorite
precipitation occurred within a short period of time, ranging from a few months to a few years. These
results suggest that cracks that form in serpentinite are closed in a short period of time and that it is
difficult to maintain high permeability. Therefore, for high permeability to be maintained continuously
over a long period of time, such as the timescale of serpentinization progression, fractures must be

periodically generated by events such as earthquakes.

Part of the content of the Chapter 2 has been published as the following publications:

Kazuki Yoshida, Ryosuke Oyanagi, Masao Kimura, Oliver Pliimper, Mayuko Fukuyama, Atsushi
Okamoto, “Geological recordsof transient fluid drainage into the shallow mantlewedge”, Science
Advances, 9, 14, 2023, DOI:10.1126/sciadv.ade6674.
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Chapter 5: Hydrogen production during serpentinization of the lower
crust to upper mantle

5.1. Introduction

Hydrogen produced by serpentinization reactions plays an important role in a variety of
geological processes, such as supporting diverse biological systems on the seafloor and controlling
redox conditions in subduction zones (Debret et al., 2014; Frith-Green et al., 2004a; Kelley et al., 2005).
The hydrogen produced by serpentinization is an important energy source for the energy-poor deep
subsurface microbiosphere due to the lack of sunlight and is attracting attention as a key to understanding
the expansion of the deep subsurface biosphere and the survival mode of early life before photosynthesis.
In the serpentinization reaction, a substantial amount of hydrogen is produced by reducing water as the
divalent iron in the reaction minerals, such as olivine and pyroxene, is converted to trivalent iron in the
product minerals, such as magnetite and serpentine. The conditions for magnetite formation are
relatively well studied (Beard et al., 2009; Frost et al., 2013; Klein et al., 2014; Schwarzenbach et al.,
2016). Hydrogen production in serpentinization is often discussed in terms of the redox state of iron and
magnetite content of the bulk rock (Albers et al., 2021; Evans, 2008). This is because local analysis of
the redox state of iron is generally difficult. However, this method has difficulty in avoiding the influence
of weathered minerals and may estimate a large amount of hydrogen production. The control on
hydrogen production is the formation of magnetite and serpentine, which can contain Fe*". However,
since bulk rock analysis cannot examine the redox state of each mineral separately, it is not well
understood how much Fe*" serpentine contains and what factors control the Fe**/ZFe in serpentine.
Andreani et al (2013) found that the redox state of serpentinite microstructures using uXANES revealed
that Fe*"/ZFe in serpentine varies with W/R. On the other hand, the effect of silica activity is not well
understood.

In Chapter 5, I conducted bulk rock and local chemical analyses including the iron redox state.
Three type of rocks are analyzed: lower crustal gabbroic rocks, dunite at the crust-mantle boundary, and
harzburgite in the upper mantle. The contribution of each mineral to the Fe content in the rocks was
determined from chemical composition analysis of bulk rocks, thermogravimetric analysis, and
chemical composition of minerals. Mapping of the redox state of iron in each mineral using synchrotron
X-ray absorption fine structure spectroscopy (XANES) was performed to investigate the redox state of

iron in each mineral and to determine the hydrogen production history recorded in the rock texture.
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5.2. Sample and Methods

5.2.1. Samples

Total 75 samples from Oman Drilling Project CM sites (18 gabbroic rocks from CM1A, 10
dunites from CM1A, 10 dunite from CM2B, 9 harzburgites from CM1A, and 28 harzburgite from
CM2B) were analyzed for investigating iron partition and redox state of iron during serpentinization
(Tables 5.1-5.3). Details of the petrographic observations of these rocks are described in Chapter 2.
EPMA and Raman spectroscopic microscopy were used for mineral identification and chemical
composition analysis. Bulk-rock chemical composition and the amount of hydrous minerals were
determined and quantified by WDX-XRF and TG.

Table 5.1. Sample list of gabbroic rock samples with total iron (wt. %) and loss on ignition (LOI) (wt. %).

Sample name Lithology Fe,O5* (Wt%)  LOI (wt%)

CM1A-7Z1-43-45 gabbroic 13.92 7.77
CM1A-722-38-42 gabbroic 12.47 7.82
CM1A-822-10-14 gabbroic 9.50 6.68
CM1A-2821-85-88 gabbroic 5.25 4.59
CM1A-3221-53-55 gabbroic 16.42 5.76
CM1A-3921-84-88 gabbroic 3.84 1.88
CM1A-46Z21-34-39 gabbroic 3.26 1.98
CM1A-47Z22-62-67 gabbroic 6.42 4.66
CM1A-4873-10-15 gabbroic 6.73 7.25
CM1A-5122-72-77 gabbroic 5.83 8.35
CM1A-5124-72-77 gabbroic 4.50 5.73
CM1A-5571-76-81 gabbroic 13.81 5.09
CM1A-5723-12-17 gabbroic 20.22 9.47
CM1A-5723-43-48 gabbroic 9.17 7.51
CM1A-5821-50-54 gabbroic 8.33 7.11
CM1A-113Z3-25-30 gabbroic 3.67 1.88
CM1A-113Z4-11-16 gabbroic 3.95 6.48
CM1A-124Z1-40-48 gabbroic 4.25 4.95

*Fe calculated as Fe,O;
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Table 5.2. Sample list of dunite samples with total iron (wt. %) and loss on ignition (LOI) (wt. %).

Sample name Lithology Fe,05* (Wt%)  LOI (wt%) Titration
CM1A-7022-26-31 dunite 11.00 15.14
CM1A-79Z3-6-9 dunite 11.07 14.76 @)
CM1A-79Z3-40-45 dunite 12.77 14.28
CM1A-8021-26-31 dunite 8.68 14.82
CM1A-80Z4-24-29 dunite 9.00 15.03
CM1A-8924-12-17 dunite 11.48 15.01
CM1A-90Z2-48-53 dunite 9.48 15.83
CM1A-137Z3-46-54 dunite 10.84 14.17
CM1A-13822-18-26 dunite 9.39 14.03
CM1A-14274-3-11 dunite 10.30 15.10
CM2B-1323-7-12 dunite 9.58 15.64
CM2B-15Z3-7-12 dunite 10.74 14.93 O
CM2B-1523-38-43 dunite 10.78 14.68 @)
CM2B-16Z2-34-35 dunite 10.75 14.83 O
CM2B-2471-14-19 dunite 10.02 15.13
CM2B-5273-16-21 dunite 14.97 14.42 O
CM2B-5471-29-34 dunite 10.05 14.62
CM2B-5673-51-56 dunite 9.75 14.94
CM2B-5974-11-16 dunite 10.36 16.21 O
CM2B-6323-37-42 dunite 11.60 15.97 @)

*Fe calculated as Fe,O;
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Table 5.3. Sample list of harzburgite samples with total iron (wt. %) and loss on ignition (LOI) (wt. %).

Sample name Lithology Fe,05* (Wt%)  LOI (wt%) Titration
CM1A-107Z2-5-10 harzburgite 11.98 13.40 @)
CM1A-144Z72-24-32 harzburgite 8.11 14.75
CM1A-144Z4-60-68 harzburgite 8.83 10.91 @)
CM1A-150Z1-24-32 harzburgite 7.90 15.50
CM1A-160Z3-47-55 harzburgite 7.82 13.84
CM1A-16321-12-20 harzburgite 8.57 13.00
CM1A-170Z21-31-39 harzburgite 7.90 14.72
CM1A-17922-30-38 harzburgite 7.74 13.49
CM1A-17923-18-26 harzburgite 8.73 13.85 O
CM2B-6821-27-31 harzburgite 8.58 14.86 O
CM2B-73Z3-64-69 harzburgite 9.60 13.51
CM2B-77Z4-70-75 harzburgite 8.62 11.26 @)
CM2B-8322-8-13 harzburgite 8.42 12.47
CM2B-86Z3-10-15 harzburgite 8.65 14.53 @)
CM2B-90Z3-40-45 harzburgite 8.70 12.41 @)
CM2B-9024-65-70 harzburgite 8.99 11.02
CM2B-9274-35-40 harzburgite 8.89 11.59
CM2B-9274-80-85 harzburgite 8.93 11.83
CM2B-9972-68-73 harzburgite 8.89 10.95 O
CM2B-100Z2-15-20 harzburgite 8.75 10.71
CM2B-100Z2-65-70 harzburgite 9.02 11.33
CM2B-10022-80-85 harzburgite 9.35 12.39 O
CM2B-10022-85-90 harzburgite 8.24 12.89
CM2B-10421-33-38 harzburgite 8.59 11.20
CM2B-10622-16-21 harzburgite 7.80 15.18 O
CM2B-10623-16-21 harzburgite 8.18 13.56
CM2B-10623-33-38 harzburgite 8.65 13.88
CM2B-106Z3-45-50 harzburgite 8.72 13.05
CM2B-110Z1-57-62 harzburgite 8.13 13.04
CM2B-11021-62-67 harzburgite 8.10 13.53
CM2B-112Z4-47-52 harzburgite 7.70 13.00
CM2B-11921-34-39 harzburgite 8.86 13.04
CM2B-11922-7-12 harzburgite 8.49 9.34 O
CM2B-11923-78-83 harzburgite 8.42 13.81
CM2B-12023-8-13 harzburgite 8.22 13.79
CM2B-12024-82-87 harzburgite 8.44 11.38
CM2B-12124-55-60 harzburgite 10.73 13.71

*Fe calculated as Fe,O;
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5.2.2. Potassium dichromate titration

The mass fraction of ferrous iron (FeO) of 18 selected serpentinites were determined by

potassium dichromate titration at the Palynosurvery Co. Ltd. (www.palyno.co.jp) (Table 5.2 and 5.3).
The powdered samples were digested using a sulfuric acid and hydrofluoric acid mixture until no residue

remained (Geological Survey of Japan, 1978). The mass fraction of ferric iron (Fe»Os3) and molar ratio
of ferric to total iron (Fe*"/ZFe) was calculated from the Fe;O;" determined by WDX-XRF and FeO

determined by the titration as following:

159.69 (Fe,0;" FeO
Fe,05 = X2 — = Fe,0;" — 1.11Fe0 (wt.%), 5.1
25T <159.69 71.84) €23 €0 (wt. %) -1
2Fe,03/159.69
Fe3*/3Fe = 205/ (5.2)

Fe0/71.84 + 2Fe,05/159.69°

5.2.3. Measurements of magnetic properties and magnetite contents

Bulk-rock magnetic properties were measued from magnetic hysteresis loops for powdered
samples using a vibrating sample magnetometer (VSM) at the Center for Advanced Marine Core
Research (CMCR), Kochi University. The magnetic field of the magnetometer varied in the range from
-1.0 to + 1.0 T. The amount of magnetite is determined by dividing the measured volume saturation
magnetization by a representative value of the saturation magnetitation of magnetite (usually 92 Am*/kg,

the value of pure magnetite) (Maffine et al., 2014; Fuji et al., 2016).

x 100 (wt. %) (5.3)

3
I

SRef

where m is the mass% of magnetite in the sample, Ms is the volume saturation magnetization, and Msgrer
is a reference value for the saturation magnetization of magnetite. When determining the amount of
magnetite using this method, it is necessary to assume that only magnetite contributes to saturation

magnetization in the sample.

5.2.4. X-ray absorption near-edge structure spectroscopy

Bulk-rock XANES

Bulk-rock x-ray absorption near-edge structure (XANES) spectra of mineral standards,
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olivine—magnetite mixtures, and natural serpentinite were measured at beamline BL-12C of the Photon
Factory A A pellet 10 mm in diameter was prepared by pressing mixed fine-grained rock or mineral (10—
30 mg) and boron nitride (100 mg) powders for quick X-ray absorption fine structure (XAFS)
transmission analyses. An Si(111) double crystal monochromator and a focusing mirror were installed
upstream of the beamline. The ring energy was 2.5 GeV and the current was 450 mA. Measurements
were performed using an energy of 6600—8200 eV and an energy width of 0.4 e¢V. The X-ray energy
calibration was based on the first inflection point of absorbance at the K edge of Fe metal foil at 7112.0
eV (Bearden and Burr, 1967). Measured XANES spectra were normalized and flattened using Larch
version 0.9.70 (Newville, 2013). The flattening range was adjusted by checking the absorption before
the pre-edge (7000-7050 eV) and post-edge (7200-7400 eV) regions were flattened to 0 and 1,
respectively.

Iron redox state (Fe**/ZFe ratios) were estimated from the XANES spectra by LCF using
standard spectra following Sutton et al. (2017) and using Larch version 0.9.70 (Newville, 2013). In LCF,
a spectrum from the unknown sample is modeled as a linear combination of spectra from standard
samples, and the combined spectrum is optimized using a non-linear least squares method (Newville,
2013). The spectrum between 7080 and 7200 eV was used for fitting. Fe**/ZFe ratios were calculated
by summing the weight calculated by LCF multiplied by the Fe**/ZFe ratio of each standard sample. We
used eight mineral standards with variable Fe oxidation states and coordination, including octahedrally
coordinated ferric iron Y'Fe**-bearing minerals (olivine), octahedrally coordinated ferrous iron Y'Fe**-
bearing minerals (andradite), and tetrahedrally coordinated ferrous iron VFe*'-bearing minerals

(sanidine).

2D imaging XANES

2D imaging XANES were measured at beamline NW-2A of the Photon Factory — Advanced Ring (PF-
AR) equipped with Si(111) double-crystal monochrometer and CMOS image sensor (ORCA Flash 2.8)
at the High Energy Accelerator Research Organization (KEK), Tsukuba, Japan. The ring energy was 6.5
GeV and the current was 60 mA. The Si(111) double-crystal monochrometer. XANES mapping was
performed by recording a stack of 209 points with the following steps: (1)7009.2 —7104.20 eV with 2.50
eV/step, (i) 7104.20 — 7139.20 eV with 0.35 eV/step, (iii) 7139.20 — 7181.20 eV with 1.4 eV/step, (iv)
7181.20 -7321.20 eV with 3.5 eV/step. The exposure time was 0.4 s for one energy point. The X-ray
energy calibration was based on the first inflection point of absorbance at the K edge of Fe metal foil at
7112.0 eV (Bearden and Burr, 1967). Measured XANES images were analyzed using Imagel Fiji
software with NW2A ImagingXAFS plugin. Redox state mapping of iron was created by linear

combination fitting using olivine, andradite, and sanidine as standards after a 2-pixel binning process.
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5.2.5. Synchrotron radiation nanoscopic X-ray CT

The nanoscale three-dimensional structure of magnetite in serpentinites was obtained by
synchrotron radiation nanoscopic X-ray computed tomography (SR-XCT). Sample preparation for SR-
XCT was performed using a focused ion beam scanning electron microscope (FIB-SEM; Thermo Fisher
Scientific Helios NanoLab G4 at the Japan Agency for Marine-Earth Science and Technology
(JAMSTEC), Yokosuka, Japan). A specific part in a thin section of the sample was made into a
cylindrical shape with a diameter of ~15 um and a height of ~20 pm using FIB-SEM. The cylindrical
sample was attached to the tip of a tungsten needle by Pt welding. The FIB-SEM was performed with a
gallium ion (Ga+) source at a voltage of 30 kV with a current of 0.09-20 nA.

The SR-XCT measurements were performed with a transmission x-ray microscope (TXM)
system at beamline NW-2A at IMSS, PF-AR, KEK (Niwa et al., 2019). The voxel size was 19.2 nm,
and the energy of the X-ray beam was fixed at 7118 eV and 7120 eV, respectively. The transmission X-
ray images for CT were obtained by rotating the sample state from -90° to 90°, a total of 1441 images
were obtained with an exposure time of 2 s. I used ilastik software (version 1.3.3post3) for segmentation
of the X-ray CT data (Berg et al., 2019). Fiji software was also used for image processing (Schindelin
et al., 2012). Dragonfly software (version 2022.2.0.1409) was used for visualization and volume and
surface area quantification. The calculation of the volume and surface area is based on weighted local

configurations method (Lindblad, 2005). The data processing process is shown in Fig. 5.1.

ImageJ

Data conversion from reconstruction data (.txm) to
image stack (.tiff)

ilastik
Segmentation using deep learning

ImageJ

Apply a 3D median filter (radius = 2 pixcels) to the
segmentation images

Dragonfly

Apply a Multi ROI to the filtered segmentation
images. Count surface area and volume.

Fig. 5.1. Scheme for the X-ray CT data processing.
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5.2.6. Micro X-ray fluorescence microscope

Thin section scale elemental maps of gabbroic rocks were obtained by micro x-ray
fluorescence (XRF) microscope (Bulker M4 Tornado at Graduate School of Environmental Studies,
Tohoku University, Japan) equipped with an energy dispersive spectrometer (EDS) for element mapping.
The micro-XRF analysis were conducted at an accelerating voltage of 50 kV and beam current was 300
pA. The scan time was 20 ms per pixcel. The resolution of the elemental mapping is set to 20 um with

beam diameter of 20 um.

5.2.7. Thermodynamic calculations

Calculations of equilibrium constants for mineral dissolution, dissolved species, and redox
reactions were performed using SUPCRTBL software, which is an extension of SUPCRT92 and includes
the thermodynamic database from Holland and Powell (2011). Thermodynamic data for Hisingerite
(oFe*"2S1,05(0H)4) and Fe-bruite (Fe(OH),) were from Klein et al. (2009) and for cronstedite from
Klein et al. (2013). Phase diagrams in the Fe-fixed Fe-Si-O-H system were created to investigate stable
minerals in arbitrary Hjaq and SiOs,q. In the phase diagram, the stable phase was the mineral with the
lowest reaction Gibbs energy for the dissolution reaction of each mineral. The reaction Gibbs free energy

can be written as
A,G = A,.G° + RTInQ (5.4)
where A,.G is the reaction Gibbs energy for a given reaction, A,G° is the standard reaction Gibbs

energy, R is the gas constant, 7 is the temperature, and Q is the reaction ratio. Equation x can be rewritten

using the equilibrium constant K from the relation A,.G° = —RTInK as follows:
A,.G = —RTInK + RTInQ (5.5)

Since the equilibrium constant output by SUPCRTBL is logK (10 is the bottom), it can be rewritten by

transforming the bottom as follows:
A,.G = —1In(10) RTlog,oK + In(10) RTlog,,Q (5.6)
Since logK is uniquely obtained for a given temperature pressure, Eq. 5.6 represents the reaction Gibbs

energy for a given composition (Q). For a given composition, the mineral with the lowest reaction Gibbs

energy is assumed to be stable, and a phase diagram is created.
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5.3. Results
5.3.1. Bulk-rock analysis

Bulk-rock composition and iron redox state

The Fe content and Fe**/ZFe of each lithology are listed in Table 5.4. The dunite samples are
the most Fe-rich (Fe,03*=10.63+1.37 wt. %), while the harzburgite and gabbroic rocks contain on
average about the same amount of iron (Gabbroic rocks: Fe,O;*=8.42+4.87 wt. %, Harzburgite:
Fe,03*=8.65+0.79 wt. %). The Fe content of the gabbroic rocks is highly variable; Fe**/ZFe values are
nearly identical for dunite and harzburgite, while the gabbroic rocks have lower values. The Fe**/ZFe of

all rocks tends to increase with increasing loss on ignition (Fig. 5.2).

Table 5.4. Average bulk rock total iron (Fe,O3*), Fe**/ZFe, FeO, and Fe,O; for each lithology.

Lithology Gabbroic rocks Dunite Harzburgite
N 18 20 37

Avg. Std. Avg. Std. Avg. Std.
Fe,O5* (Wt%) 8.42 4.87 10.63 1.37 8.65 0.79
Fe**/sFe 0.31 0.08 0.63 0.05 0.61 0.08
FeO (wt%) 5.26 2.72 3.31 0.42 297 0.68
Fe,O5 (Wt%) 2.60 1.94 5.73 1.04 4.57 0.72
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Fig. 5.2. (A)Bulk rock iron redox state (Fe*'/ZFe) vs loss on ignition (LOI). (B)Bulk rock Fe,Os vs LOL

Magnetic properties and magnetite content

Fig. 5.3. shows the magnetic hysteresis curve of a typical sample. Different samples show different
magnetic hysteresis curves. The mass fraction of magnetite was calculated from the saturation
magnetization of each sample. Magnetite is assumed to be the only mineral contributing to the saturation
magnetization. The average values of saturation magnetization and magnetite content for each lithology
are shown in Table 5.5. The saturation magnetization of the samples was 1.5+2.0 Am? kg™! for gabbroic
rocks, 3.2+1.7 Am? kg™! for dunite, and 1.2+1.3 Am? kg! for harzburgite. Magnetite content in each
lithology ranges from 1.6+2.2 wt. % in gabbroic rocks, 3.5+1.9 wt. % in dunite, and 1.3£1.5 wt. % in
harzburgite. The gabbroic rocks have large variation in magnetite content. Dunite contains more
magnetite than harzburgite. The relationship between magnetite content and loss on ignition shows
magnetite content increases sharply at loss on ignition of 5-7 wt. % in the case of the gabbroic rocks

(Fig. 5.4). For dunite and harzburgite, magnetite content increases sharply at LOI of 13-15 wt. %.
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Fig. 5.3. Magnetic hysteresis curve of a typical sample (CM1A-80Z1-26-31(Dunite) and CM2B-11972-7-
12(Harzburgite)).

Table 5.5. The saturation magnetization (Ms) and magnetite content calculated from the Ms (wt. %).

Lithology Gabbroic rocks Dunite Harzburgite
N 18 20 37
Avg. Std. Avg. Std. Avg. Std.

Ms (Am?/kg) 1.2 1.7 3.3 14 14 1.6
Magnetite (wt%) 1.3 1.9 3.6 1.5 1.5 1.8
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Fig. 5.4. Loss on ignition (LOI) vs magnetite content (wt. %).
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5.3.2. Microtexture and iron redox state mapping

The iron content of olivine, serpentine, and brucite in gabbroic rocks, dunite, and harzburgite
were investigated. A detailed description of the samples analyzed is given in Chapter 2. The focus here
is on serpentine and related minerals (brucite and magnetite). The main serpentinization stage of
gabbroic rock, dunite, and harzburgite is characterized by mesh texture that replace olivine (Fig. 5.5).
Fig. 5.6 shows depth profile of Xu, [=Mg/(Mg+Fe*")] of olivine, mesh texture serpentine and brucite
that replacing olivine. The Xy of olivine in the gabbroic rocks is higher (Xmg = 0.80-0.87) than that of
dunite and harzburgite (Xumg = 0.91-0.92). Xy of olivine in gabbroic rocks shows a decreasing trend with
increasing depth. Despite the variation in Xug of olivine, the Xu, of serpentine in the mesh texture
replacing olivine almost unchanged at range of 0.9-1.0. On the other hands, the Xy, of brucite in the
mesh texture shows variations depending on the lithology. The Xu, of brucite in dunite shows higher
Xmg (Xvg = 0.72-0.94, Average 0.85, N = 9) than in gabbroic rocks (Xmg = 0.50-0.73, Average 0.60, N =
4) and harzburgite (Xuvg = 0.65-0.84, Average 0.76, N = 6). Serpentinite replacing orthopyroxene (Xmg =
0.91-0.96, Average 0.93, N = 4) in harzburgite is richer in Fe than serpentinite replacing olivine.

i Mesh rim 8
(SrpBrc)

Mesh core ‘
Dirat (Srp+Brc)

Fig. 5.5. Mesh texture serpentinization in (A)Gabbroic rock (CM1A-973-26-30), (B)Dunite (CM2B-1672-34-35),
(C)Harzburgite (CM1A-14474-60-68).
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Fig. 5.6. Xme [FMg/(Mg+Fe?")] depth profiles of olivine, mesh texture serpentine and brucite.

Gabbroic rocks

The gabbroic rocks are composed of olivine, plagioclase, and orthopyroxene, with the 50-80%
serpentinized olivine with a mesh texture. The mesh texture is composed of serpentine (lizardite:
Xmg=0.96-0.97) and magnetite. Fe-redox mapping shows that serpentine has a lower Fe**/ZFe than

magnetite. Serpentine near the boundary with olivine has lower Fe**/ZFe than mesh rim (Fig. 5.7).
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Fig.5.7. 2D imaging XANES of olivine gabbro (CM1A-47Z2). (A)Map of Iron K-edge jump. (B)Map of Iron
redox state. (C) XANES spectra of mesh rim.
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Dunite

The dunite is completely serpentinized with a mesh texture. The mesh core is composed of
lizardite (Xmg = 0.94) and particulate magnetite, while the mesh rim is composed of mixture of lizardite
(Xmg = 0.96) and brucite (Xve=0.83). In dunite, the mesh core has higher Fe**/ZFe than the mesh rim
(Fig. 5.8). The Fe**/ZFe of mesh rim is 0.1-0.2, mesh core has higher Fe**/ZFe of 0.8-0.9. Serpentine
around veins has higher Fe**/ZFe, ~1.0. The XANES spectrum of serpentine in the mesh core and mesh
rim has a small pre-edge (Fig. 5.8C and 5.8D).
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Fig. 5.8. Iron redox state mapping of dunite (CM2B-16Z3). (A)Map of Iron K-edge jump. (B)Map of Iron redox
state. (C-D) XANES spectra of (C)Mesh core and mesh rim. (D)Close up of the pre-edge region shown in rectangle
in Fig. C.
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Harzburgite

Harzburgite is about 65-80% serpentinized with a mesh texture. Rectangular pyroxene is less
serpentinized than olivine. Veins with magnetite often occur in harzburgite, and both olivine and
orthopyroxene are completely serpentinized around the veins. The mesh texture is a mixture of lizardite,
chrysotile, and brucite. The X, of the serpentine in the mesh structure is 0.97, and that of the brucite is
0.74. Bastite is a mixture of lizardite and chrysotile without brucite. It has an Xw, of 0.86 and is richer
in iron than the mesh-structure serpentine. The magnetite veins are composed of serpentine (lizardite)
and magnetite and do not contain brucite. The Xy, of this serpentine is 0.97. The chrysotile vein, thought
to have formed in the last stage, has an Xy of 0.91.

Serpentinized harzburgites have various Fe**/ZFe depending on the microstructure (Fig. 5.9).
Serpentine in the vicinity of veins have higher Fe**/ZFe compared to mesh textures and bastite away
from veins. Late-stage chrysotile veins have low Fe*"/ZFe. When the mesh texture is expanded, the mesh
rim has higher Fe**/ZFe than the olivine-serpentine boundary, which is a reaction front. A similar trend
has been reported in previous studies (Andreani et al., 2013). Bastite has low Fe*/ZFe in the core,
whereas the rim shows high Fe**/ZFe. XANES spectra of the mesh texture, bastite, and chrysotile veins
commonly show low pre-edges (Fig. 5.10). The Fe**/ZFe of the mesh texture is 0.29-0.35. This is in
agreement with the value obtained by the Mdssbauer method in a previous study (Fe*"/ZFe = 0.30-0.68;
Klein et al., 2009). The fully serpentinized orthopyroxene (bastite) shows similar Fe**/ZFe (=0.35) as
mesh texture. The Fe*/ZFe of serpentine around magnetite veins is 0.5-0.6, which is high compared to
the mesh texture. On the other hands, chrysotile veins perpendicular to the magnetite vein have low
Fe**/ZFe (~0.2). Although it is possible that minerals with low Fe content (FeO = a few wt. %) were
photo-oxidized by synchrotron radiation during the measurements (Reynard et al. 2022), considering
the low Fe**/ZFe of chlorite (FeO = 3.24+0.9 wt. %) in the same area of analysis, it is likely that the effect

of photo-oxidation was negligible.
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Fig. 5.9. Iron redox state mapping of harzburgite (CM2B-119Z2-7-12). (A)Thin section scan. (B)Map of Iron K-
edge jump. (C)Map of Iron redox state. (D)Close up view of the iron redox state map of mesh texture. (E)Close
up view of the iron redox state map of bastite (serpentinized orthopyroxene).
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Fig. 5.10. XANES spectra of mesh texture (A), bastite (B), selvage of the magnetite vein (C), and chrysotile vein
(D).
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5.3.3. Microtexture of magnetite

Magnetite in host rock matrix

Here, magnetite features in each lithology are described, and the volume ratio of magnetite to
serpentine is quantified by using image analysis. The magnetite geometry characteristics (surface area,
volume, and aspect ratio) in each lithology were also investigated by nanoscale structural observations
using synchrotron radiation X-ray computed tomography (SR-XCT).

In gabbroic rocks, magnetite grains show dendritically at the mesh rim, away from the olivine
(Fig. 5.11A). Similar microstructures are also found in seafloor drilling samples (Hess Deep, Nozaka et
al., 2017, Lithos). The volume ratio of serpentine to magnetite (Vmag/Vsrp) in the gabbroic rocks
determined from image analysis is ~0.05-0.09. Magnetite in the rims has a rough surface (Fig. 5.11C
and D). Where magnetite grows prominently, magnetite is connected at the micrometer scale (Fig.
5.11C). Magnetite is abundant at the rim and discretely distributed away from the rim (Fig. 5.11D).

Two types of magnetite were observed in the dunite host rock matrix: (A) magnetite veins at
mesh rims and (B) homogeneously distributed particulate magnetite (Figs. 5.12A and B). Particulate
magnetite is also observed in fresh olivine grains. Such occurrences of magnetite in olivine have been
reported in Oman and other ophiolites (Arai et al., 2021, Lithos). The amount of particulate magnetite
calculated by image analysis ranged from ~0.6-1.3 vol%, and the amount of magnetite in the mesh rims
ranged from ~0.3-0.8 vol%. The volume ratio of serpentine to magnetite in the dunite determined from
image analysis is ~8.0x10 — 1.5x102. Particulate magnetite in mesh cores and olivine has a flattened
shape with a smooth surface (Figs. 5.12C-D). In contrast, magnetite in mesh rims has a rough surface
(Fig. 5.12E). The aspect ratios and volumes of platy magnetite in olivine and serpentinized mesh cores
are similar (Fig. 5.13).

In harzburgite, magnetite veins are distributed on the mesh rims (Fig. 5.14A). The volume ratio
of serpentine to magnetite in the gabbroic rocks determined from image analysis is ~2.0-3.0x1073. The
mesh rim of harzburgite also shows magnetite with a rough surface similar to gabbroic rocks and dunite
(Fig. 5.14B).

181



=40 1PPpm WO11mm

Fig. 5.11. Backscattered electron images (BEI) and SR-XCT of magnetite in olivine gabbro (CM1A-47Z2). (A)
BEI of partially serpentinized olivine. (B) Close-up of magnetite. (C) SR-XCT of well-grown magnetite. (D) SR-
XCT of mesh rim magnetite.
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Fig. 5.12. BEI and SR-XCT of dunite. (A) BEI of magnetite in olivine (CM2B-54Z7). (B) BEI of magnetite at the
mesh rim (CM2B-56Z). SR-XCT of magnetite in the olivine grain (C), the mesh core (D), and the mesh rim (E).
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Fig. 5.13. Size and aspect ratio of magnetite in olivine and mesh core of dunite (CM2B-56Z).
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Fig. 5.14. BEI and SR-XCT of harzburgite (CM1A-144Z4). (A)BEI of magnetite in mesh rim. (B)SR-XCT of
magnetite in mesh rim.
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5.3.4. Ni-Fe alloy and sulfides

Gabbroic rocks

Ni-Fe alloy and Ni-Fe sulfide have less than 1 micrometer in size, were identified on the mesh
rims and serpentinized mesh cores of the gabbroic rocks (Fig. 5.15A-D). These minerals are widely
distributed on the mesh rim (Fig. 5.16). Semi-quantitative analysis by WDX shows that the Ni-Fe alloys
have Ni/Fe = ~0.6 (Fig. 5.17A-B), the composition close to taenite (Botto and Morrison, 1976, Rossetti
and Zucchetti, 1988, Frost et al., 2013). Ni-Fe sulfides show Ni/Fe = 0.6-1.2 and (Ni+Fe)/S = 1.7-1.8
(Fig. 5.17C-D), the composition close to pentrandite.

o« vy
10um WD11mm

Fig. 5.15. Backscattered electron images of magnetite, Fe-Ni alloy, and Fe-Ni sulfide. (A)Magnetite vein in the
mesh rim. (B)Close up view of mesh texture containing Fe-Ni alloy and magnetite. (C)Fe-Ni sulfide in the mesh
rim. (D)Fe-Ni sulfide in the serpentinized mesh core. Ol=olivine, Lz=lizardite, Mag=magnetite, Srp=serpentine.
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Fig. 5.16. Element mapping of the mesh texture for Fe, Ni and S (A-C). (D)Three element composite map of Fe,
Ni, and S.
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Fig. 5.17. WDX spectra by PETJ and LIFH. (A-B) WDX spectra of Fe-Ni alloy. (C-D) WDX spectra of Fe-Ni
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Dunite

Fe-Ni alloy have less than 1 micrometer in size, were identified on the mesh rims and mesh
cores of the dunites (Fig. 5.18). Elemental map by EPMA shows the distribution of Ni-rich small
particles (< ~1 um) on the mesh rim (Fig. 5.19B). Sulfur mapping is below the detection limit (Figs.
5.19C and 5.20C). These minerals are widely distributed on the mesh rims (Figs. 5.19D and 5.20D).
Semi-quantitative analysis by WDX shows that the Ni-Fe alloys have Ni/Fe = 1.1-1.3 (Fig. 5.21A-B),

the composition close to taenite (Botto and Morrison, 1976; Frost et al., 2013).

Fig. 5.18. Backscattered electron images of magnetite, Fe-Ni alloy, and Fe-Ni sulfide in dunites. (A)Magnetite
vein in mesh rim of partly serpentinized dunite (CM2B-56Z3-51-56). (B)Ni-Fe alloy in the mesh rim. (C)Large
grain size (~10 pm) magnetite in mesh rim of completely serpentinized dunite (CM2B-13Z3-7-12). (D) Ni-Fe
alloy in the mesh rim. The rim and both side of crack of Cr-spinel replaced to magnetite (E-F).
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Fig. 5.19. Element mapping of the mesh texture of partly serpentinized dunite (CM2B-56Z3-51-56) for Fe, Ni and
S (A-C). (D)Three element composite map of Fe, Ni, and S.
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Fig. 5.20. Element mapping of the mesh texture of completely serpentinized dunite (CM2B-13Z3-7-12) for Fe, Ni
and S (A-C). (D)Three element composite map of Fe, Ni, and S.
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Fig. 5.21. WDX spectra of Ni-Fe alloy from partly serpentinized dunite (CM2B-56Z3-51-56) by PETJ (A) and
LIFH (B).
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Harzburgite

Ni-Fe alloy have less than 1 micrometer in size, were identified on the mesh rims of the
harzburgite (Fig. 5.22A-B). Ni-Fe sulfide with size of ~10 um observed in mesh texture (Fig. 5.22C-D).
Cu-Zn alloys were found in and around tremolite veins (Fig. 5.22E-F). Ni-Fe alloy widely distributed

in the mesh rims (Fig. 5.22). Semi-quantitative analysis by WDX shows that the Ni-Fe alloys have Ni/Fe
=2.4-2.6 (Fig. 5.23A-B), the composition close to awaruite (Frost, 1985; Klein et al., 2009; Plumper et
al., 2017). The Ni-Fe sulfide shows Ni/Fe = 0.8 and (NitFe)/S = 1.9. The Cu-Zn ally shows Cu/Zn =
5.0 (Fig. 5.24).

Fig. 5.22. Backscattered electron images of allys and Ni-Fe sulfide in harzburgite. (A)Magnetite, (B)Awaruite,
(C)Elemental map. (A-B)CM2B-77Z4-70-75. (C-F)CM2B-83Z72-8-13.
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Fig. 5.23. Element mapping of the mesh texture of serpentinized harzburgite (CM2B-83Z2-8-13) for Fe, Niand S
(A-C). (D)Three element composite map of Fe, Ni, and S.
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5.3.5. Stability fields of minerals in the Fe-Si-O-H system

Phase diagrams were made to investigate the stability of Fe endmembers of minerals found in
serpentine with respect to hydrogen and silica activity. The minerals used in the calculations and their
dissolution reactions are listed in Table 5.6. The stable mineral phases vary with Hj o4 activity and silica
activity (Fig. 5.25). At low Si-acitivity (chrysotile-brucite equilibrium), Iron is stable in the most
reducing environment (High H» ,q activity). As the solution becomes more oxidizing (Low H» ,q activity),
the stable minerals change to Fe-brucite, magnetite, and hematite (goethite at lower temperatures). At
high Silica activity (talc-chrysotile equilibrium), Iron is stable in the most reducing environment, and as
the solution becomes more oxidizing, the stable minerals change to greenalite and hishingerite. the
decrease in Ha,q is due to the increase in W/R and the oxidizing fluid influx (Klein et al., 2009; Ely et
al., 2023). The topological relationships of these mineral phases are generally consistent with previous
studies (Zolotov 2014; Tutolo et al., 2019). cronstedtite does not appear in the phase diagram produced
here because the stable region of cronstedtite overlaps with that of magnetite did not (aHp.q=-2 to -4 and
aSi0s,,=-4.5 to -3 at 200 °C, 1 kbar; Tutolo et al., 2019). The thermodynamic properties of cronstedtite
have not been measured, and different standard Gibbs free energies have been estimated (Zolotov 2014,
Icarus). Therefore, the evaluation of the stability of cronstedtite may contain uncertainties. The upper
limit of dissolved hydrogen concentration is determined by H,¢=H> .. From the equilibrium constant

for this reaction (Ky, ), the Hz.q activity is obtained as

log (aHz’aq) = log (aHz’aq) — log(KHz) (5.7)

The solubility of H» .4 is near the magnetite-iron equilibrium (Fig. 5.23).
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Table. 5.6. Chemical formula of minerals and their precipitation reaction considered in the stability field diagram.

Mineral Chemical formula Reaction
(1)  Magnetite Fe*'Fe**,0, BFe?"+8H,0= 2Fe®'Fe®*,0,+12H"+2H, ,,
(2) Fayalite Fe*',Sio, BFe®*+3Si0, ,,+6H,0= 3Fe**,Si0, +12H"
(3) Iron Fe® BFe®* +6H, ;= 6Fe’+12H"
(4) Greenalite  Fe*";Si,05(OH), B6Fe®*+10H,0+4Si0, .= 2Fe**;Si,05(OH),+12H*
(5) Februcite  Fe?" (OH), 6Fe?"+ 12H,0= 6Fe? (OH),+12H"
(6) Hisingerite  30Fe®,Si,05(OH), BFe®*+ 15H,0+ 6Si0; 5, = 3LIFe™,Si,05(0H),+12H"+3H,
(7) Cronstedtite  Fe*",Fe*(SiFe*)O5(OH),  6Fe*"+ 10.5H,0+ 1.5Si0,,, = 1.5Fe**,Fe* (SiFe**)05(OH),+12H"+1.5H,
(8) Fe-talc Fe®*3Si,04o(OH), BFe? + 8H,0+ 8Si0, = 2Fe”*3Si,015(OH),+12H*
(9) Hematite Fe*,0, 6Fe?"+ 9H,0= 3Fe® ,0,+3H,+12H"
(10) Goethite Fe**O(OH) 6Fe?"+ 12H,0= 6Fe* O(OH)+3H,+12H*
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Fig. 5.25. Stability fields of minerals with H oq activity and silica activity for the Fe-Si-O-H-system at pressure of
100 MPa and temperatures of (A) 50 °C, (B) 150 °C, (C) 200 °C, and (D) 300 °C. The silica activities of quartz,
talc-chrysotile, and chrysotile-brucite are shown in black dashed lines. The upper limit of Hj aq obtained from the
reaction of H».q=Ha is indicated by the red dotted line.
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5.4. Discussion

5.4.1. Hydrogen production by serpentine formation

Serpentine is a mineral that, like magnetite, plays a key role in the production of hydrogen.
Serpentine is the key mineral for hydrogen production, especially under conditions where magnetite
does not form (high silica activity and/or low temperature: see Fig. 5.25). Here I discuss the effect of
serpentine formation on hydrogen production based on the newly obtained redox state and composition

data of serpentine.

Iron content and redox state of serpentine

The amount of hydrogen produced by serpentine formation depends on the amount of iron
contained and its redox state. The Fe-O-H-Si phase diagram suggests that at low silica activity, oxide or
metal (hematite, magnetite, Fe-brucite, Iron) is stable and distribution of Fe to the silicate mineral
serpentine is limited, whereas at high silica activity, more Fe is distributed to serpentine (Fig. 5.25). The
results of these thermodynamic calculations suggest that in the case of brucite-serpentine equilibrium,
the Xy of serpentine remains high at 0.91-0.97 (Klein ef al., 2009, 2013). The X, of serpentine in the
serpentine-magnetite-brucite coexisting mesh texture was nearly uniform at 0.97, regardless of the
lithology. The Xmg of serpentine replacing olivine collected at various locations is 0.90-0.98,
independent of their formation temperatures (Fruh-Green et al., 1996; Friih-Green et al., 2004b; Klein
et al., 2014; McCollom and Bach, 2009). This supports the results of thermodynamic calculations that
the Xumg of serpentine is nearly constant (~0.9-1.0), independent of W/R and temperature (Klein et al.,
2009). On the other hand, the serpentinization of Si-rich orthopyroxene (bastite; Xm, = 0.93) and the
serpentinization of olivine near altered plagioclase (Xug = 0.89) have higher iron content than the mesh
texture serpentine (Xmz = 0.95-0.98), where no brucite or magnetite was observed. Such Fe-rich
serpentine are also found in the highly serpentinized harzburgite and lherzolite (orthopyroxene and
clinopyroxene-bearing peridotites) of the Iberia margin (Albers et al., 2021). This is consistent with
thermodynamic calculations that show that Fe-rich serpentine are stable when Si activity is higher than
magnetite stability field (Klein ef al., 2013).

Thermodynamic calculations predict that serpentine with higher Fe**/ZFe is more stable at
higher water-rock ratios (Klein et al., 2009). At low water-rock ratios (W/R<1), the Fe**/Fe of
serpentine is ~0.2-0.3 (Klein et al.) This prediction by thermodynamic calculations is supported by ~0.2
Fe**/ZFe of serpentine synthesized by hydrothermal experiments conducted at W/R=1.5 (Marcaillou et
al., 2011). At lower water-rock ratios, serpentine has lower Fe**/ZFe due to the following Fe**-serpentine

reduction reaction at higher Ho 4.

2Fe3Si,05(0H), + 25i0; 44 + 5H,0 = 3Fe3*,Si,05(0H),, + 3H, 5 (R5.1)
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The presence of awaruite in the mesh texture means that it was in a highly reduced state above
H»2¢=~340 mM (Frost et al., 1985; McCollom and Bach., 2009). Such a high reduction state requires a
low water-rock ratio (W/R<~1) and temperatures around 300 °C, where magnetite formation is maximal
(McCollom and Bach., 2009; Klein et al., 2009). These suggest that the mesh texture was formed at low
W/R. The 2D imaging XANES results of this study indicate that the Fe**/ZFe of the host rock mesh
texture is 0.3-0.5 regardless of lithology or starting mineral type (olivine or orthopyroxene; Fig. 5.26),
which corresponds to W/R=1-10 in the prediction of thermodynamic calculations (Klein et al. 2009).
On the other hand, Fe**/SFe around magnetite veins, which are locally serpentinized, were higher
(~0.5~0.6) than in the mesh texture. This is consistent with the fact that water-rock ratios in the vein-
forming stages developed in serpentinite are generally considered higher than in serpentinization of the
mesh texture (Roumejion et al., 2018, Lithos; Andreani et al., 2013; Lithos). This suggests that the
serpentine Fe**/ZFe is controlled by water-rock ratio. Taken together, the Fe content of serpentine is
mainly controlled by silica activity, and its redox state is controlled by water-rock ratio.

The analytical results and thermodynamic calculations indicate that Fe**/ZFe in serpentine is
mainly controlled by W/R, with small effects of temperature and silica activity. On the other hand, the
concentration of Fe in serpentine is mainly controlled by silica activity. Magnetite formation competes
with the formation of Fe-rich serpentine and brucite and is controlled by temperature and silica activity.
Serpentine plays an important role in hydrogen production at low temperatures, high W/R, and high
silica activity, where magnetite formation is limited. On the other hand, magnetite plays an important

role in hydrogen production at relatively high temperature (c.f. >150 °C), low W/R, and low Silica

activity.
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Fig. 5.26. Iron content and iron redox state of each serpentine texture.
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5.4.2. Stage of hydrogen production

It is difficult to measure the actual amount of magnetite produced during the mesh texture

serpentinization. Here, it was determined from a reaction equation determined from the amount and

composition of each mineral. The compositions of olivine, serpentine, and brucite were obtained from

EPMA analysis. The amounts of serpentine and brucite were determined from TG. The low abundance

of brucite in the gabbroic rocks indicates high silica activity in the serpentinization reaction (Frost and

Beard, 2007; Tutolo et al., 2018; Templeton and Ellison., 2020). Fresh olivine in dunite contains

magnetite particles (~0.9 wt. %). This magnetite may be formed by dehydrogenation of hydrous olivine

(Arai et al., 2021). Such hydrous olivine may be formed near the ridge axis by seawater influx and

reaction with melt (Tamura et al., 2022). However, this magnetite formation is obviously not related to

serpentinization. In the following discussion, I will exclude this magnetite that is not related to

serpentinization. The amount of magnetite obtained from reaction equation was assumed to have been

formed during the formation of the mesh texture. The reaction can be written as follows:

a(MgXFel_X)ZSiO4+ bH,0 + €Si03aq

Olivine Water Silica
_ d(MgyFe;_)Si;05(0H)s _ e(Mg,Fe;_,)(OH),  fFesO4 gH,
Serpentine Brucite Magnetite = Hydrogen

The reaction equations for gabbroic rock, dunite, and harzburgite can be written as follows:

Gabbroic rocks:

(Mgo.s4Fe16)25104 , 1.3H,0 0.175i05 54
L + + .
Olivine Water Silica

_0.59(Mg 95Feq05)Si05(0H), |, 0.79Fe30, 0.79H,
N Serpentine Magnetite ' Hydrogen

Dunite:

N + + .
Olivine Water Silica

_ 0.53(Mg0_96Fe0_04)Si2O5(OH)4 0-34(Mg0_85Fe0,15)(0H)2 0024FE304 0.024’H2
= ; + . + :
Serpentine Brucite Magnetite Hydrogen

Harzburgite:

(Mgp.02Feg05)2Si0, , 1.4H,0 0.158102,aq
N + + .
Olivine Water Silica
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— 0.57(Mg0.96F60.04)Si205(OH)4 + 0_23(Mg0.79Feo_21)(0H)2 + 0.015Fe304 0015H2

Serpentine Brucite Magnetite Hydrogen (R5.5)

The mass ratios of the product minerals obtained from these reaction equations are shown in Table 5.6.

Table. 5.6. Calculated mass ratios of the product minerals.

Lithology Mag (wt%) Brc (wt%) Srp (wt%) Total H,O (wt%)

Gabbro 10.0 0.0 90.0 11.5
Dunite 2.1 16.6 85.2 15.1
Harzburgite 2.0 8.6 89.4 13.8

Mag = magnetite, Brc = brucite, Srp = serpentine.

The amount of magnetite formed by serpentinization of the mesh texture serpnetinization was
determined as the amount of magnetite obtained from these reaction equations as proportional to the
loss on ignition. Comparing the amount of magnetite determined by calculation with the amount of
magnetite measured from saturation magnetization, some of the dunite and harzburgite samples contain
more magnetite than calculated (Fig. 5.27). These magnetites were assumed to be due to magnetite veins
in later stages. As mentioned in Chapter 2, gabbroic rocks contain chlorite and prehnite in addition to
serpentine. Therefore, note that the LOI of gabbroic rocks may involve other minerals such as chlorite
and prehnite in addition to serpentine. This could be one of the reasons for the low amount of magnetite

calculated relative to the actual measurements.
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Fig. 5.27. Calculated bulk rock magnetite and measured bulk rock magnetite.
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I estimated the contribution of magnetite and serpentine to hydrogen production in each
lithology and the hydrogen production stages (Fig. 5.28). The amount of Fe;Os; in serpentine and
magnetite per kg of rock was calculated from bulk rock data and mineral composition by EPMA and
iron redox state from XANES mapping. In this calculation, based on EPMA and XANES mapping
results, the Fe**/ZFe and Xy, of serpentine were assumed to be 0.4 and 0.97, respectively. The amount
of hydrogen produced was estimated from the simplified reaction Fe,O3+H,=2FeO+H,0. The gabbroic
rocks produced 84 mM/kg;ock, dunite produced 144 mM/kg.ck, and harzburgite produced 107 mM/Kgrock
of hydrogen. The amount of hydrogen production obtained from this equation assumes that all the
electrons produced by the oxidation of iron are used for water reduction. Thus, this estimate is the
maximum amount that can occur in serpentinization. The presence of nickel-iron alloys (awaruite)
suggests that serpentinization occurred in a highly reducing environment, supporting that a substantial
amount of hydrogen was generated. Lower crust gabbroic rocks and dunite from crust-mantle transition
zone have a large magnetite contribution. The upper mantle has a large contribution of serpentine. The
amount of hydrogen formed during serpentinization in harzburgite and dunite is almost the same. This
result differs from a previous study that found that harzburgite does not produce as much hydrogen as

dunite (Katayama et al., 2010).
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Fig. 5.28. Hydrogen production per unit mass rock and contribution of serpentine and magnetite in each

lithology.
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5.5. Summaries

In chapter 5, I investigate the microstructure and bulk rock chemistry including the redox state
of iron in the gabbroic rocks, dunite, and harzburgite. Serpentine contains substantial amounts of Fe**
(Fe**/ZFe=0.24-0.46) and plays an important role in hydrogen production in the upper mantle
serpentinization. The amount of hydrogen produced per unit mass varies with the amount of olivine in
the rock, and olivine-rich gabbro in lower crust also have great potential for hydrogen production.

Comparison of bulk rock analysis and microstructures reveals hydrogen production stages in
each lithology. In the gabbroic rocks, magnetite formation during serpentinization is responsible for
hydrogen production, and the amount of hydrogen varies with the olivine content. Harzburgite produced
hydrogen mainly by serpentinization with mesh structure, and its total hydrogen production was not
significantly different from that produced during serpentinization of dunite. Later hydrothermal activity
may produce additional hydrogen by magnetite vein formation.

Although previous studies have suggested that harzburgites and gabbroic rocks are unlikely to
produce hydrogen because magnetite formation is suppressed by silica-rich minerals, the results of this
study indicate that hydrogen is produced by serpentinization of gabbroic rocks and deep harzburgites in

oceanic lithosphere.
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Chapter 6: Reaction-fracturing-fluid flow interactions on hydrogen
production during serpentinization

6.1. Introduction

In this chapter, I integrate and discuss the previous results and discuss how the reaction-
destruction-fluid flow interactions affect hydrogen evolution. Many works have been carried out on
hydrogen production during serpentinization reactions by laboratory experiments (Marcaillou et al.,
2011; McCollom et al., 2020, 2022; Wang et al., 2019), natural observations(Katayama et al., 2010;
Klein et al., 2009; Nozaka, 2012; Suda ef al., 2014) and thermodynamic calculations (Klein et al., 2009,
2013; McCollom et al., 2022; McCollom and Bach, 2009; Miigler et al., 2016). The results in Chapter
3 indicate that reaction-induced stress form microcracks and increases the permeability of the rock. If
silica-rich minerals are present in the rock, the silica activity may increase with the reaction progress
because of the formation of microcracks in the silica-rich minerals. The hydrogen production during
serpentinization is controlled by temperature, silica activity, and water to rock ratio (Andreani ef al.,
2013; Klein et al., 2009, 2013, 2014; McCollom et al., 2016, 2020, 2022; McCollom and Bach, 2009).
In Chapter 4, I found that regardless of silica activity, serpentine was found to contain a large amount of
Fe** (30-40 wt. % Fe*" in the total Fe). The amount of iron in serpentine is controlled by silica activity
while its redox state is controlled by water-rock ratio (Andreani ef al., 2013; Klein et al., 2009). These
findings suggest that fracture formation associated with the reaction may alter silica activity and water
to rock ratio, which in turn may dynamically alter hydrogen production. In this chapter, I integrate the
results obtained and discusses how reaction-fracture-fluid interactions affect to the progress of reactions

and hydrogen production during serpentinization of oceanic lithospheres.
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6.2. Depth profile of the hydrogen production potential

Depth profiles of water content of the drilled core indicate homogeneous serpentinization of
mantle rocks. The upper mantle of the Oman ophiolite is more serpentinized than is thought from
geophysical observations of the current seafloor. Geophysical observations suggest that serpentinization
of oceanic lithosphere is limited before the formation of bending faults near the subduction zone
(Grevemeyer et al., 2018; Ivandic et al., 2008). This may indicate that serpentinization of the upper
mantle may require reactivation of faults, such as bending faults near trench. In the case of the Oman
ophiolite, it is possible that a change in the tectonic setting, such as the over thrusting stage, may have
prompted the reactivation of the fault and fluid infiltration into the upper mantle. Thus, there are
differences in tectonic processes between the Oman ophiolite and current oceanic lithospheres, and the
serpentinization reactions observed in the Oman ophiolite may have been influenced by these processes.
However, Oman ophiolite does provide insight into hydrogen generation when typical oceanic
lithospheres are serpentinized.

The redox state of iron in all rocks, Fe;O3;, magnetite content, and loss on ignition show no
systematic variation with depth. Dunite in the crust mantle transition zone produces the most hydrogen.
However, upper mantle is more abundant than the dunite in the crustal mantle transition zone. The

extensive serpentinization of the upper mantle emphasizes its importance as a source of hydrogen

production.

W Gabbroic rocks

A Harzburgite

@ Dunite

-350 -350 -350 -350 D
z -300 - Tl -300 £ g N -300 - " -300 4 o
E" -250 1 250+ @ -250 -250 4
s & o m By
= m (=} =
2 -200 4 & 201 Bg 200 200 1 @
o (=] O
o l u} (=5 =] B om me
E 150 1 ® 150 £ ® -150 § ® -150 ®
E ‘ 'YX K] 8o o ;
% -100 100 | 00 ®eg® ® -100
3 ° . e . o °®
2 50 4 (5] 50 +0 -50 50 + @ (5]
= s 02 B 0o, . @ B \‘
) ®
o 01 Q* 0t .’: 0 ”.0 0 - Q.%
=
@ ’. ¢ ? 0. ¢
Q
£ 50 B 50 4 ' 4 50 RS 50 1 s
e £ £ . e
SEETIE 8% 100 100 ® 100 - &
L1 7N WP o t’o’ @ o
150 T ; 150 ey 150 150 ; ; ;
00 02 04 06 08 10 00 20 40 60 80 10.0 00 20 40 60 80 100 00 50 100 150 200

Fe*/zFe Fe,O, Magnetite (wt%) LOI (wt%)

Fig. 6.1. Depth profile of bulk-rock (A)Fe*'/ZFe, (B)Fe,0s3 (wt. %), (C)Magnetite content (wt. %), (D) Loss on
ignition (LOI).
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6.3. Reaction-fracturing-fluid flow interaction and hydrogen production

during serpentinization

Most of the rocks of the oceanic lithosphere contain silica-rich minerals such as plagioclase
and pyroxenes. The results from this study indicate that the serpentinization reaction proceeds by
microcrack formation, which enhance fluid penetration and element exchange between different
minerals. Numerical and thermodynamic modeling of the serpentinization process in previous studies
assume that the olivine and pyroxene in the peridotite reach equilibrium at the same time (Klein et al.,
2009, 2013; Malvoisin et al., 2012a; McCollom et al., 2022). However, as shown in this study,
microcrack formation in silica-rich minerals (plagioclase and pyroxenes) changes the silica activity of
the fluid during the serpentinization. The microcrack formation during the serpentinization reaction
increases the silica activity and water to rock mass ratio, which effect on evolution of the hydrogen
production during serpentinization. As revealed in Chapter 5, Serpentinization with mesh structure was
the main stage of hydrogen production. Therefore, I focus on this mesh texture stage. Next, I discuss the

effects of reaction-induced fracturing and enhanced fluid flow on hydrogen production.

6.3.1. Serpentinization at low W/R and low silica activity

Fig. 6.2 schematically illustrates the changes in hydrogen production rates related to reaction-
fracturing-fluid interactions during serpentinization of gabbroic rock. The concept is the same for
harzburgite, which contains silica-rich mineral (orthopyroxene), although I will use olivine gabbro as
an example here. The initial stage of the serpentinization reaction is characterized by low W/R and low
Si activity. Possible fluid pathways at this stage are microcracks formed by thermal stress and grain
boundaries (Chapter 3). Even in silica-rich gabbric rocks, the preferential microcrack formation in
olivine grains due to thermal stresses leads to a large reaction surface of olivine rather than silica-rich
minerals (plagioclase), resulting in an olivine-dominated water-rock reaction. Traces of serpentinization
with relatively low silica activity during this initial stage were observed as a mesh texture containing
brucite in the gabbroic rock (Chapter 3). Fe content of serpentine mainly controlled by silica activity
(Chapter 5). The Xy of the serpentine in the mesh texture is 0.96-0.97 regardless of lithology, suggesting
low silica activity. The Fe**/ZFe of the mesh texture is 0.3-0.4, independent of lithology, and is lower
than that of serpentine surrounding magnetite veins. This suggests that serpentinization of the mesh
texture occurred at relatively low W/R. According to thermodynamic modeling by Klein et al. (2009),
the Fe*"/ZFe of this serpentine corresponds to W/R=5-10. The presence of Ni-Fe alloy in the mesh
texture also suggests that a highly reduced environment during mesh texture serpentinization, which
achieved by low W/R and magnetite formation, and such conditions are achieved in the 250-365°C
temperature range (e.g., ~ 340 mM; McCollom and Bach, 2009). In the case of harzburgite, the

formation of brucite is inhibited due to the high proportion of silica-rich minerals. Although harzburgite
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contains orthopyroxene, a silica-rich mineral, it appears that in the case of the Oman ophiolite it did not
react as much in the initial stages, as orthopyroxene is rarely reacted away from the mineral veins. A
possible reason for this is the difference in the temperature dependence of the dissolution rates of olivine
and orthopyroxene (Janecky & Seyfried, 1986; Okamoto et al., 2011). The preferential reaction of
olivine could be due to the fact that the Oman ophiolite harzburgite progressed at relatively low
temperatures (200-250 °C; Aupart et al., 2021), where the olivine dissolution rate is relatively faster than

that of pyroxene (Ogasawara et al., 2013).
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Fig. 6.2. Schematic illustration of the evolution of hydrogen production related to the reaction-fracturing-fluid
flow interaction during serpentinization of gabbroic rocks. In Stage 1, olivine-dominated reactions occur at low
W/R and low silica activity. In Stage 2, Microcracks formed by the serpentinization of olivine form fluid paths
while also increasing the reaction area of silica-rich minerals, resulting increasing silica activity. This decompose
the brucite and promotes magnetite formation. Further microcrack propagation will further increase silica activity
and water rock ratio. As a result, magnetite is decomposed, and iron-rich serpentinite is formed instead. The
increase in W/R reduces the hydrogen concentration and may suppress hydrogen production due to oxygen in the
fluid. A similar process occurs in harzburgite, which contains orthopyroxene, a silica-rich mineral.
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6.3.2. Increasing W/R and silica activity

Reaction path modeling results show that increased Si activity due to serpentinization of
orthopyroxene results in decreased amounts of brucite and increased amounts of magnetite (Klein and
Bach., 2013). The increasing of Si activity also can be occurred by alteration of anorthite (Chapter 2).
As the serpentinization of olivine progresses, microcracks form due to the volume increase associated
with the reaction (Chapter 3). The formation of microcracks increases the permeability of the rock,
causing an increase in W/R (Chapter 3). In the case of gabbroic rocks and harzburgite, the formation of
microcracks in the silica-rich minerals (orthopyroxene and plagioclase) by serpentinization of olivine
increases silica activity (Chapter 3). This change from a near olivine-dominated closed system to an
open system with influx of Si and Al also has been reported in many other previous studies (Bach et al.,
2006; Beard et al., 2009; Oyanagi et al., 2018; Viti and Mellini, 1998). When brucite is present, silica
activity is buffered by the serpentine-brucite equilibrium, and the iron released by the decrease in brucite
is primarily used to form magnetite. During this stage, iron content of serpentine is nearly constant. The

simplified reaction can be written as follow.
ZFE(OH)Z + SiOZ,aq = Fezo3 + H20 + HZ,aq (R6.1)

This can increase the amount of hydrogen produced per unit rock; the increase in magnetite content due
to increased Si activity will continue until brucite disappears completely. High silica activity has been
thought to potentially inhibit magnetite formation during serpentinization of dunite and harzburgite
(Katayama et al., 2010; McCollom and Bach, 2009; Oyanagi et al., 2018; Seyfried et al., 2007).
However, thermodynamic calculations suggest that magnetite content increases inversely while buffered
by serpentine-brucite equilibrium. This result consistent with the petrographic observations of magnetite
formation due to increased silica activity (Bach et al., 2006; Miyoshi et al., 2014). Iron in brucite is
basically ferrous and therefore does not contribute to hydrogen production in serpentinization reactions.
Therefore, iron-rich brucite formed in early-stage serpentinization involving dunite and harzburgite
mesh structures may consume iron available for water reduction and inhibit hydrogen production (Klein
et al., 2009). However, the present results suggest that Fe-rich brucite formed in the early stages may
play an important role in hydrogen production in the later stages of the serpentinization by forming
magnetite as the transitions from a closed to open system. Such magnetite formation during the late
serpentinization reaction has also been noted from observations of seafloor drilling samples and
ophiolitic samples(Bach et al., 2006; Miyoshi et al., 2014). This process may play an important role as
a hydrogen production in low-temperature environments where life is more likely to be active
(Templeton and Ellison, 2020).
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6.3.3. Serpentinization at high Si activity

Lower temperatures are expected in the later stages of the serpentinization reaction. Lower
temperatures can generate greater reaction-induced stresses, which can lead to further crack formation
(Kelemen and Hirth, 2012). In addition, the decrease in olivine content due to progressive
serpentinization is expected to increase the contribution of silica-rich minerals to the olivine
serpentinization reaction and further increase silica activity. After complete consumption of brucite,
silica activity will be buffered by the serpentine-talc equilibrium. High silica activity leads to the
formation of iron-rich serpentine, which is associated with a decrease in magnetite. This reaction

consumes Ha,q in solution and decreases the Ha oq activity. This reaction can be written as follow:
FE304 + Hzo + Hzlaq + ZSiOZ,aq = Fe3Si205(OH)4 (R6.2)

As shown in Chapter 5, serpentine Fe*/ZFe is controlled by W/R. The higher the W/R, the more
serpentine is enriched in Fe** than Fe?*. Therefore, one might assume that if the W/R is high and the
Fe**/ZFe of the serpentine is high, more hydrogen will be produced. However, such a large amount of
hydrogen generation from the formation of serpentine with high Fe**/ZFe would be unlikely to occur.
First, oxygen in the fluid would inhibit hydrogen generation. First, oxygen in fluid exhibit production
of hydrogen during serpentinization because the electrons produced by iron oxidation would be used to
reduce O, 54 in the fluid rather than to reduce water (Ely et al., 2023). Under high W/R conditions, where
high Fe**/ZFe is expected, the effect of oxygen in the fluid will be significant. Thus, the presence of
serpentine with high Fe**/ZFe does not always imply a large amount of hydrogen generation.

Second, large aperture cracks are necessary to maintain high W/R. However, large aperture
cracks formed in serpentine can be closed within a few years to a few months by serpentine precipitation,
and high permeability may not be maintained for long (Chapter 4; Farough et al., 2016). In addition, the
area of high Fe**/ZFe around magnetite veins is limited to a few centimeters and is quite localized. This
suggests that the fluid flow that created the magnetite veins is also short-lived. High W/R is likely to be
achieved if fluid access is sufficient and if disturbing events such as earthquakes occur with high
frequency.

In summary, the formation of microcracks by reaction-induced stress increases the W/R of the
rock and, in the case of gabbroic rocks and harzburgite, the formation of microcracks in the
orthopyroxene and plagioclase surrounding the olivine increases the reaction area of these minerals,
resulting in an increase in silica activity. The reaction and associated cracking formation and enhanced
fluid flow promote a change from an olivine-dominated closed system to an open system with influx of
Si and Al, controlling the total amount and concentration of hydrogen production during serpentinization.
The results of this study show that the amount and concentration of hydrogen generation changes
dynamically change as the reaction progresses due to W/R and silica activity associated with crack

formation.
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6.4. Fluid infiltration, serpentinization and hydrogen production in the

Oceanic lithosphere

Here I discuss the serpentinization process and hydrogen production in oceanic lithospheres,
based on the findings from the Omani ophiolite. The depth of serpentinization in the oceanic lithosphere
is limited by temperature and fluid access. Hydrothermal experiments and thermodynamic calculations
performed at various temperatures suggest that serpentinization can progress at temperatures below 350-
400°C, corresponding to 5-20 km below the seafloor (Martin and Fyfe., 1970; Evans et al., 2004).
Detachment faults near the ridge axis (de Martin et al., 2007; Zihlmann et al., 2018) and bending faults
in the outer ridge region (Faccenda et al., 2009; Hatakeyama et al., 2017; Ranero et al., 2003) allow
fluid supply to the deeper parts of the oceanic lithosphere. Faults formed near the ridge axis could be
the primary fluid flow pathway in the serpentinization of the mantle of the Oman ophiolite (Aupart et
al., 2021). Because of the high temperatures at high spreading rate ridge axis, large-scale
serpentinization is not usually thought to occur. Hydrothermal activity near the ridge axis may have
played an important role in cooling the oceanic lithosphere to temperatures that allowed serpentinization
(Bosch et al., 2004; Gregory and Taylor, 1981). Numerical simulations of hydrothermal activity near
the ridge axis suggest that at distances greater than about 20 km from the ridge axis, temperatures
decrease to temperatures that allow serpentinization of the upper mantle (Iyer et al., 2010). In fact, the
CM site is 20 km from the axis of the pareo-ridge axis, where temperatures could decrease to
temperatures that allow serpentinization.

While faults are important as major fluid transport pathways, serpentinization of the Oman
ophiolite was extensive without localizing it in the vicinity of faults (Chapter 2). The importance of
microcracks in such extensive serpentinization has been emphasized (Malvoisin et al.; Aupart et al.,
2021). The results of this study highlight that microcrack formation at different mechanisms/stages can
cause selective microcrack formation in rocks and dynamically change the amount of hydrogen
generation in serpentinization reactions. Based on this, I discuss how the location and amount of

hydrogen generation changes over the life of the oceanic lithosphere.

6.4.1. Serpentinization near ridge axis

Near the ridge axis with high spreading rate, the oceanic lithosphere is rapidly cooled by
hydrothermal circulation (VanTongeren et al., 2008). Cooling of the oceanic lithosphere as it moves
away from the ridge axis is expected to be the first to initiate serpentinization of the lower crust gabbroic
rocks above the mantle due to fluid infiltration and hydrothermal circulation (Fig. 6.3B). Thermal stress

is the most likely mechanism for microcrack formation in the earliest stages, before serpentinization.
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Boudier et al. (2005) showed that microcracks form due to the anisotropic thermal expansion of olivine
and plagioclase. They suggested that thermal contraction of the plagioclase-rich lower crust with high
thermal expansion anisotropy, occurring near the axis of extension, could produce vertical fractures
similar to those observed in high-temperature alteration veins. These vertical fractures could act as fluid
pathways for serpentinization in the off-axis (Boudier et al., 2005). In addition to anisotropy in thermal
expansion, differences in thermal contraction between different minerals may also cause microcrack
formation. As shown in Chapter 3, the thermal expansion of olivine is greater than that of pyroxene and
feldspar and may preferentially form microcracks within olivine as temperature decreases. In fact, more
microcracks were observed in olivine in the less serpentinized gabbroic rocks than in the surrounding
plagioclase and pyroxene (Fig. 3.1D). The higher crack density of olivine relative to silica-rich minerals
(plagioclase and pyroxene), resulting olivine-dominant water-rock reactions at early stage of
serpentinization. This is supported by the low Al concentration and presence of brucite in the early stage
mesh texture (type 1 mesh texture) in gabbroic rocks (Chapter 3).  This high temperature and low silica
activity serpentinization is favorable for magnetite formation, and hydrogen production is primarily
controlled by magnetite formation. In addition to this thermal stress-induced crack formation process,
the serpentinization of olivine itself plays an important role in the formation of interconnected
microcrack networks formation. As serpentinization progresses, reaction-induced stress develops, and
fluid penetration is enhanced in the lower crust gabbroic rocks (Fig. 6.3B). In the case of gabbroic rocks,
which contain silica-rich mineral (plagioclase), microcrack development in these minerals increases
silica activity and Al concentrations, resulting in production of the relatively Al-rich serpentine and

decomposition of brucite. This could result in the production of more magnetite and hydrogen.

6.4.2. Serpentinization at off-axis

As the oceanic lithosphere continues to cool, the temperature isotherm at which the
serpentinization reaction occurs reaches the upper mantle, initiating serpentinization of mantle dunite
and mantle harzburgite. In contrast to the lower crust, where cracks have already formed, the initial
reaction of harzburgite in the upper mantle may be selective olivine crack formation due to anisotropy
of thermal stress. On the other hand, in the lower crust, magnetite may become unstable due to
hydrothermal alteration of silica-rich minerals (plagioclase and pyroxenes) and increased silica activity.
The suppression of magnetite decomposition or formation due to increased silica activity would reduce
hydrogen generation in the lower crust, while the upper mantle would play a more important role in
hydrogen production. Upper mantle harzburgite may selectively form cracks within the olivine due to
thermal stress anisotropy. This may cause the initial stage of upper mantle serpentinization to be
selective for olivine. Such selective serpentinization of olivine was observed in this study and has been
noted in other studies (Viti and Mellini., 1998).

Furthermore, serpentinization of the Oman ophiolite may have been caused by fluid supply

from the subducting slab, in addition to fluid infiltration from the seafloor as discussed previously. In
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other ophiolites, fluid supply from subducting slabs has caused massive serpentinization. For example,
in the Chandman meta-peridotite body in Mongolia, fluid supply from the subducting slab is the main
source of mantle hydration (Dandar et al., 2023). The antigorite + chrysotile veins in the dunite and
harzburgite studied in this study suggest that they formed in association with the setting of the
subduction zone (Chapter 4). However, the estimated short duration of fluid activity suggests that their
contribution to the serpentinization reaction progression was limited. This suggests that the contribution
of fluids from the subducting slab was limited in the serpentinization of the Oman ophiolite.

These results suggest that the site of hydrogen production from serpentinization in oceanic
lithospheres may transition from the lower crust to the deep mantle. Furthermore, the formation of
microcracks at different mechanistic stages may cause selective microcrack formation in minerals in the
rocks, highlighting the possibility of dynamic changes in hydrogen evolution during serpentinization
reactions. Such changes in hydrogen production in the oceanic lithosphere can lead to temporal and
spatial variations in the deep microbial biomass. On the other hand, elements such as carbon and nitrogen
are also required for microbial growth. Therefore, an estimate of the extent of the deep biosphere based
on the amount of hydrogen production will only give the upper limit of the biosphere. A more realistic
estimate of the deep biosphere should also take into account the mass transport of carbon and nitrogen.
In addition, hydrogen produced by serpentinization must be transported to a location with a temperature
suitable for microbial life (e.g., T<150 °C). Therefore, it is important to develop models that account for
the temporal variability of hydrogen production and the transport of elements essential for life, including

hydrogen, to explore the possibility of life on other planets as well as the spatial and temporal variability

of deep microbial life biomass.

Fig. 6.3. Conceptual illustration of fracturing, reaction, and fluid flow in the seafloor and subduction zone setting.
Serpentinization near ridge-axis (A), off-axis (B), bending-fault (C), and subduction zone (D).
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6.5. Summaries

Based on all the results obtained in this study, this chapter discusses how the interaction
between the reaction and associated microcrack formation and fluid flow affects the serpentinization
reaction progression and hydrogen production of rocks in the oceanic lithosphere. The results suggest
that cracks produced by volume changes due to olivine serpentinization may have increased the
permeability of the lower crust and upper mantle, which have low permeability, and may have played
an important role in the several hundred-meter scale serpentinization observed in the Oman Ophiolite.
Such widespread serpentinization that is not localized to faults may also be important in the ongoing
serpentinization reactions.

The formation of microcracks increases the W/R of the rock and also increases silica activity
by forming cracks in the silica-rich minerals (orthopyroxene and plagioclase) around olivine and
increasing the reaction area of these minerals. This enhancement of fluid flow and silica activity due to
the reaction and associated crack formation, which changes the reaction from a near closed system in
the early stages of olivine-dominated serpentinization to an open system with Si and Al influx, has been
shown to control the amount and concentration of hydrogen generation that is occurring due to the
serpentinization reaction.

The results show that the amount and concentration of hydrogen produced by the
serpentinization reaction is dynamically controlled by reaction-fracturing-fluid flow interaction during
serpentinization in the oceanic lithosphere. The dynamic changes in hydrogen production may affect the

spatial and temporal evolution of the deep biosphere on the seafloor.
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Chapter 7: Conclusions

In this study, petrographic observations and chemical analysis, including iron redox state, of
rock samples from the lower crust to the upper mantle of the Oman ophiolite were conducted.
Combining results from the numerical simulations using coupled reaction-mechanical-fluid flow 2-D
discrete element method and thermodynamic calculations, the hydrogen production process in the
serpentinization reaction of oceanic lithospheres, where reaction-fracture-fluid transfer interacts, was
revealed.

In Chapter 2, rock samples from the lower crust to the upper mantle of the Oman ophiolite
were analyzed and observed. Systematic analysis of 404 m of drill core (CM1A) from the lower crust-
upper mantle and 300 m of drill core (CM2B) from the crust-mantle boundary-upper mantle revealed
homogeneous serpentinization with respect to depth. Serpentinization is particularly advanced around
mineral veins in the rock samples, but is limited in extent, and the main serpentinization is extensive
with a mesh structure. Trace element analyses of antigorite + chrysotile veins at the crust-mantle
boundary indicate that these mineral veins are rich in As and Sb, indicating geoscientific signatures of
subducted sediments. These results indicate that the main serpentinization occurred during the seafloor
stage.

In Chapter 3, the formation mechanism of microcracks was discussed based on observations
of natural samples and numerical simulations coupling fracture-reaction-fluid transfer. Comparison of
the numerical simulation results with natural samples revealed that the stress induced by the reaction-
induced volume change may play an important role in crack formation as a crack formation mechanism.
The microstructures of the natural samples suggest that a change from a closed system to an open system
occurred during the serpentinization reaction. Crack formation associated with the reaction enhance
reaction progress as well as causing an increase in W/R and Si activity. These results suggest that the
reaction-associated crack formation may have caused positive feedback that facilitated fluid movement
and further reaction progression.

In Chapter 4, I focused on mineral veins, which are traces of relatively large fractures that may
play an important role as high-speed fluid migration pathways. I focused on serpentine veins found in
serpentinite and the reaction zones that developed around them to estimate the velocity, timescale, and
flow rate of fluid movement through the fractures. The results indicate that minerals precipitate in the
cracks for geologically short periods of time (months to years) and that high permeability is not
maintained for long periods of time.

In Chapter 5, bulk rock and local chemical analyses, including the redox state of iron, were
performed on lower crustal gabbroic rocks, dunite at the crust-mantle boundary, and harzburgite in the
upper mantle. Iron redox state mapping using synchrotron X-ray absorption fine structure spectroscopy
was used to investigate the redox state of iron in each mineral and to determine the hydrogen production
history recorded in the rock texture. Serpentine contains significant amounts of Fe*" and plays an

important role in hydrogen production when magnetite is less commonly produced. The contributions
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of magnetite and serpentine to hydrogen generation in each lithology were investigated in terms of bulk
rock compositions, iron content of each mineral, and detailed microstructures. Estimation of hydrogen
generation in serpentinization with mesh texture and subsequent magnetite veins indicates that
serpentinization with mesh texture is the main stage. In the serpentinization with mesh texture, gabbroic
rocks, dunite, and harzburgite were estimated to have generated 84 mM/kg rock, 144 mM/kg rock, and
107 mM/kg rock of hydrogen, respectively. Calculations of the contribution of serpentine and magnetite
to hydrogen generation indicate that magnetite is the major contributor to hydrogen generation in the
gabbroic rocks, whereas serpentine is the major contributor in dunite and harzburgite.

These results indicate that the formation of cracks during the serpentinization reaction
increases the W/R of the rock and also increases silica activity by forming cracks in the silica-rich
minerals (orthopyroxene and plagioclase) around olivine and increasing the reaction area of these
minerals. This dynamic change in fluid flow enhancement and silica activity due to the reaction and
associated crack formation may control the amount and concentration of hydrogen produced by the
serpentinization reaction. Future experimental investigations of the reaction rates of the minerals and
development of models that account for changes in silica activity and W/R associated with crack
formation involved will provide more accurate predictions of temporal changes in hydrogen

generation at the seafloor.
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Table Al. Analytical results of LA-ICP-MS for standards (NIST 612, BIR-1G, and BHVO-2G). 2°Si was used as
the internal standard.

Sample NIST 612 (n=8) BIR-1G (n=22) BHVO-2G (n=8)

(ppm) Average RSD (%) |Average RSD (%) Recom. |Average RSD (%) Recom.
Li 40.4 2.5 3.1 3.2 3 4.50 2.4 4.4
B 34.4 3.0 2.2 12.5 4.30 12.6

Na,O (%) 13.7 24 1.78 4.0 1.85 2.22 2.3 2.4
AlL,O5 (%) 2.0 1.9 16.4 4.1 15.5 14.3 3.6 13.6
CaO (%) 11.9 2.2 13.3 3.1 13.3 11.2 3.1 11.4
Sc 39.7 3.4 40.6 54 43 30.9 5.0 33
Ti 43.9 4.6 5948 4.0 5400, 15936 3.0 16300
\Y, 39.1 23 332 2.7 326 317 3.0 308
Cr 36.5 4.2 393 23 392 292 2.3 293
Mn 38.8 1.9 1345 2.8 1471 1293 2.8 1317
Co 35.5 1.6 53.8 4.1 52 46.2 1.6 44
Ni 38.8 2.2 176 3.2 178 122 5.5 116
Cu 38.0 25 120 2.7 119 125 4.3 127
Zn 39.3 3.8 80.3 3.1 78 116 2.8 102
As 35.7 1.9 0.055 54.3 0.759 5.3

Rb 31.7 4.6 0.199 4.8 0.197 9.54 2.0 9.2
Sr 78.2 2.9 109 23 109 383 25 396
Y 38.2 3.5 134 49 14.3 23.0 3.9 26
Zr 37.7 3.6 13.0 49 14 158 4.2 170
Nb 38.8 2.1 0.53 5.3 0.52 18.2 3.2 18.3
Sb 34.8 3.5 0.51 43 0.56 0.20 26.1 0.3
Cs 43.0 4.4 0.006 22.7 0.007 0.11 3.3 0.1
Ba 39.3 3.0 6.8 1.6 6.5 132 2.4 131
La 36.0 3.4 0.59 4.0 0.609 15.1 3.8 15.2
Ce 38.5 26 1.94 1.5 1.89 37.1 2.4 37.6
Pr 37.9 3.5 0.37 2.6 0.37 5.16 29 5.35
Nd 35.5 3.9 2.34 3.9 2.37 241 3.6 24.5
Sm 37.7 4.1 1.09 3.7 1.09 5.98 4.4 6.1
Eu 35.6 3.9 0.534 3.8 0.517 2.05 3.3 2.07
Gd 37.3 5.0 1.69 49 1.85 5.83 5.1 6.16
Tb 37.6 5.1 0.33 3.8 0.35 0.869 4.1 0.92
Dy 35.5 4.9 2.34 6.0 2.55 4.94 5.2 5.28
Ho 38.3 4.5 0.52 43 0.56 0.92 5.3 0.98
Er 38.0 4.6 1.6 4.8 1.7 2.38 4.4 2.56
Tm 36.8 44 0.22 3.9 0.24 0.30 6.9 0.34
Yb 39.2 4.6 1.58 4.8 1.64 1.93 4.1 2.01
Lu 37.1 4.8 0.226 5.5 0.248 0.256 3.3 0.279
Hf 36.8 5.3 0.52 4.7 0.57 4.16 5.9 4.32
Ta 37.7 4.8 0.035 6.9 0.036 1.11 5.2 1.15
Pb 39.0 6.6 3.5 3.8 3.7 1.91 2.4 1.7
Th 37.8 5.0 0.03 6.7 0.03 1.20 5.1 1.22
U 37.6 4.6 0.019 10.2 0.023 0.448 3.1 0.403

Notes: RSD%: relative standard deviation; Recom.: GEOREM preferred values.
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Table A2-1. Bulk-rock major element composition measured by XRF.

Bulk-rock major element composition and loss on ignition (LOI) in weight percent (wt%)

Sample name Depth (m) Lithology SiO, TiO, AlL,Oy Fe,O5" MnO MgO CaO Na,O KO P,05 Total LOI

C5707A-721-43-45 0  gabbroic 40.5 0.1 5.9 13.9 0.2 32.0 5.8 0.16 0.03 0.01 98.7 7.8
C5707A-722-38-42 1.25  gabbroic 45.5 0.2 3.9 12.5 0.2 27.0 9.6 0.17 0.03 0.01 99.1 7.8
C5707A-822-10-14 11.25  gabbroic 45.1 0.2 8.7 9.5 0.2 22.0 12.6 0.23 0.02 0.01 98.7 6.7
C5707A-2821-85-88 65.25  gabbroic 46.7 0.2 15.0 52 0.1 12.7 17.7 0.81 0.03 0.01 98.4 4.6
C5707A-3221-53-55 74.25  gabbroic 41.8 0.2 8.8 16.4 0.2 22,5 7.9 0.55 0.03 0.00 98.3 5.8
C5707A-3921-84-88 95.25  gabbroic 46.8 0.2 21.2 3.8 0.1 6.5 17.2 1.61 0.03 0.01 97.4 1.9
C5707A-4621-34-39 113.25  gabbroic 46.0 0.1 23.0 3.3 0.1 6.8 17.4 1.19 0.03 0.01 97.9 2.0
C5707A-4722-62-67 117.14  gabbroic 44.4 0.1 14.4 6.4 0.1 18.2 14.1 0.47 0.04 0.00 98.2 4.7
C5707A-4823-10-15 120.42  gabbroic 447 0.1 14.5 6.7 0.1 18.5 13.3 0.41 0.05 0.00 98.3 7.2
C5707A-5122-72-77 125.97  gabbroic 1.7 0.1 17.1 5.8 0.2 19.6 13.9 0.07 0.02 0.01 98.5 8.4
C5707A-5124-72-77 127.78  gabbroic 447 0.1 15.0 4.5 0.1 15.1 19.3 0.12 0.02 0.00 99.0 5.7
C5707A-5521-76-81 137.25  gabbroic 411 0.1 9.5 13.8 0.2 25.8 8.0 0.43 0.02 0.01 99.0 5.1
C5707A-5723-12-17 142.11  gabbroic 38.6 0.0 4.7 20.2 0.2 32.0 22 0.06 0.02 0.00 98.1 9.5
C5707A-5723-43-48 142.11  gabbroic 41.1 0.0 15.3 9.2 0.1 20.2 12.4 0.25 0.03 0.01 98.5 75
C5707A-5821-50-54 143.25  gabbroic 41.0 0.0 15.7 8.3 0.1 20.5 12.0 0.25 0.04 0.01 97.9 71
C5707A-70Z2-26-31 169.05  dunite 38.6 0.0 0.4 11.0 0.2 47.8 0.1 n.d. 0.02 0.01 98.1 15.1
C5707A-7923-6-9 186.7  dunite 38.4 0.0 0.4 1.1 0.2 48.4 0.1 n.d. 0.02 0.01 98.5 14.8
C5707A-7923-40-45 186.7  dunite 37.6 0.0 0.4 12.8 0.2 46.9 0.1 n.d. 0.02 0.01 98.0 14.3
C5707A-8021-26-31 188.25  dunite 39.1 0.0 0.4 8.7 0.1 49.3 0.1 n.d. 0.02 0.01 97.7 14.8
C5707A-8024-24-29 190.92  dunite 39.0 0.0 0.3 9.0 0.1 49.3 0.1 n.d. 0.02 0.01 97.8 15.0
C5707A-8924-12-17 202.52  dunite 37.2 0.0 0.3 11.5 0.2 48.6 0.1 n.d. 0.02 0.01 97.9 15.0
C5707A-9022-48-53 206.99  dunite 38.8 0.0 0.3 9.5 0.1 49.6 0.1 n.d. 0.02 0.01 98.4 15.8
C5707A-107Z2-5-10 249.17  dunite 40.8 0.0 0.4 12.0 0.2 45.3 0.1 n.d. 0.02 0.01 98.8 13.4
C5707A-11121-87-91 254.25  dunite 40.8 0.1 1.2 11.8 0.2 41.4 0.5 n.d. 0.02 0.01 95.9 12.1
C5707A-11121-87-91 254.25  dunite 40.8 0.1 1.2 11.8 0.2 41.4 0.5 n.d. 0.02 0.01 95.9 12.1
C5707A-113Z3-25-30 259.16  gabbroic 45.5 0.1 18.6 3.7 0.1 1.7 17.6 0.68 0.03 0.01 97.8 1.9
C5707A-113Z4-11-16 259.82  gabbroic 39.8 0.1 16.7 3.9 0.1 13.5 240 0.09 0.02 0.01 98.2 6.5

Notes: n.d.: not detected. *: Total Fe calculated as Fe>Os.
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Table A2-2. Continue of the bulk-rock major element composition measured by XRF.

Bulk-rock major element composition and loss on ignition (LOI) in weight percent (wt%)

Sample name Depth (m) Lithology SiO, TiO, AlL,Oy Fe,O5" MnO MgO CaO Na,O KO P,05 Total LOI

C5707A-124Z1-40-48 278.15  gabbroic 42.8 0.1 10.6 43 0.1 17.5 227 0.06 0.02 0.01 98.1 4.9
C5707A-137Z3-46-54 298.17  dunite 38.6 0.0 0.9 10.8 0.1 47.0 0.2 n.d. 0.02 0.01 97.7 14.2
C5707A-13822-18-26 299.96  dunite 39.2 0.0 0.7 9.4 0.1 48.7 0.4 n.d. 0.02 0.00 98.5 14.0
C5707A-14274-3-11 310.66  dunite 38.5 0.0 0.3 10.3 0.1 48.8 0.3 n.d. 0.02 0.01 98.4 15.1
C5707A-14472-24-32 314.81  harzburgite 413 0.0 0.5 8.1 0.1 47.3 0.6 n.d. 0.02 0.01 97.9 14.7
C5707A-14474-60-68 316.38  harzburgite 42.6 0.0 0.6 8.8 0.1 45.0 1.1 n.d. 0.02 0.01 98.3 10.9
C5707A-150Z1-24-32 332.15  dunite 413 0.0 0.6 7.9 0.1 47.0 1.4 n.d. 0.02 0.01 98.3 15.5
C5707A-160Z3-47-55 360.75  harzburgite 42.0 0.0 0.8 7.8 0.1 45.9 1.3 0.03 0.02 0.01 97.9 13.8
C5707A-163Z21-12-20 365.15  harzburgite 41.4 0.0 0.5 8.6 0.1 47.4 0.7 n.d. 0.02 0.00 98.7 13.0
C5707A-170Z1-31-39 383.15  dunite 41.4 0.0 0.9 7.9 0.1 45.8 0.9 n.d. 0.02 0.01 97.0 14.7
C5707A-179Z2-30-38 402.03  harzburgite 42.4 0.0 0.8 7.7 0.1 46.4 0.0 n.d. 0.02 0.01 97.5 13.5
C5707A-179Z3-18-26 402.93  harzburgite 423 0.0 0.6 8.7 0.1 46.3 0.1 n.d. 0.02 0.00 98.1 13.9
C5708B-1323-7-12 17.6  dunite 38.9 0.0 0.4 9.6 0.1 49.4 0.0 0.00 0.02 0.01 98.4 15.6
C5708B-1523-7-12 23.6  dunite 38.5 0.0 0.4 10.7 0.2 48.8 0.1 n.d. 0.02 0.01 98.6 14.9
C5708B-1523-38-43 23.6  dunite 38.5 0.1 1.0 10.8 0.1 47.6 0.1 n.d. 0.02 0.02 98.2 14.7
C5708B-1622-34-35 26.6  dunite 38.7 0.0 0.5 10.7 0.1 47.9 0.1 0.00 0.03 0.01 98.3 14.8
C5708B-2421-14-19 50.6  dunite 39.0 0.0 0.5 10.0 0.1 48.9 0.1 n.d. 0.02 0.01 98.7 15.1
C5708B-4124-72-77 74.6  gabbroic 43.1 0.1 12.5 5.9 0.1 214 15.5 0.09 0.02 0.01 99.2 7.2
C5708B-5273-16-21 95.6  dunite 38.5 0.0 0.3 15.0 0.2 44.7 0.1 n.d. 0.02 0.00 98.9 14.4
C5708B-5421-29-34 101.6  dunite 39.7 0.0 1.6 10.1 0.1 46.5 0.4 n.d. 0.03 0.01 98.5 14.6
C5708B-5623-51-56 107.6  dunite 39.0 0.0 1.3 9.8 0.1 47.5 0.4 0.01 0.02 0.01 98.1 14.9
C5708B-5924-11-16 116.6  dunite 38.9 0.0 0.3 10.4 0.1 48.6 0.3 n.d. 0.02 0.01 98.7 16.2
C5708B-6323-37-42 125.6  dunite 38.6 0.0 0.3 11.6 0.2 47.8 0.3 n.d. 0.02 0.01 98.8 16.0
C5708B-6821-27-31 134.6  harzburgite 423 0.0 0.5 8.6 0.1 46.5 0.7 n.d. 0.02 0.00 98.8 14.9
C5708B-7323-64-69 149.6  harzburgite 43.0 0.0 0.7 9.6 0.1 41.8 3.6 n.d. 0.02 0.00 98.8 13.5
C5708B-7724-70-75 161.6  harzburgite 423 0.0 0.7 8.6 0.1 45.3 0.9 n.d. 0.02 0.00 97.9 1.3
C5708B-8372-8-13 176.6  harzburgite 42.6 0.0 0.8 8.4 0.1 45.8 0.8 0.01 0.03 0.00 98.6 12.5

Notes: n.d.: not detected. *: Total Fe calculated as Fe>Os.
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Table A2-3. Continue of the bulk-rock major element composition measured by XRF.

Bulk-rock major element composition and loss on ignition (LOI) in weight percent (wt%)

Sample name Depth (m) Lithology SiO, TiO, AlL,O5 Fe,O5* MnO MgO CaO Na,O K,0 P,05 Total LOI

C5708B-8623-10-15 185.6  harzburgite 42.0 0.0 0.6 8.6 0.1 471 0.6 0.00 0.03 0.01 99.1 14.5
C5708B-9023-40-45 194.6  harzburgite 42.7 0.0 0.6 8.7 0.1 46.1 0.9 0.00 0.02 0.00 99.0 12.4
C5708B-90Z4-65-70 194.6  harzburgite 42.0 0.0 0.6 9.0 0.1 46.4 0.8 0.01 0.02 0.01 99.0 11.0
C5708B-9274-35-40 200.6  harzburgite 421 0.0 0.7 8.9 0.1 46.5 0.8 0.00 0.02 0.01 99.2 11.6
C5708B-9274-80-85 200.6  harzburgite 42.0 0.0 0.7 8.9 0.1 46.9 0.8 0.01 0.03 0.01 994 11.8
C5708B-9972-68-73 218.6  harzburgite 42.2 0.0 0.6 8.9 0.1 46.2 0.7 0.01 0.02 0.00 98.8 11.0
C5708B-100Z2-15-20 221.6  harzburgite 43.0 0.0 0.6 8.7 0.1 45.8 0.9 0.00 0.02 0.00 99.1 10.7
C5708B-100Z2-65-70 221.6  harzburgite 42.8 0.0 0.5 9.0 0.1 45.8 0.8 0.00 0.02 0.00 99.1 11.3
C5708B-100Z2-80-85 221.6  harzburgite 41.6 0.0 0.4 9.4 0.1 46.8 0.7 0.00 0.02 0.00 99.1 12.4
C5708B-100Z2-85-90 221.6  harzburgite 42.2 0.0 0.5 8.2 0.1 46.8 0.7 n.d. 0.03 0.00 98.6 12.9
C5708B-104Z1-33-38 233.6  harzburgite 42.9 0.0 0.9 8.6 0.1 45.3 1.0 0.03 0.03 0.01 98.8 11.2
C5708B-106Z2-16-21 239.6  harzburgite 42.9 0.0 0.7 7.8 0.1 46.5 0.8 n.d. 0.03 0.01 98.7 15.2
C5708B-106Z3-16-21 239.6  harzburgite 433 0.0 0.6 8.2 0.1 45.6 1.0 0.02 0.03 0.01 98.8 13.6
C5708B-106Z3-33-38 239.6  harzburgite 42.6 0.0 0.6 8.6 0.1 45.9 0.8 0.01 0.03 0.01 98.8 13.9
C5708B-106Z3-45-50 239.6  harzburgite 425 0.0 0.7 8.7 0.1 45.2 0.9 0.02 0.03 0.01 98.2 13.1
C5708B-110Z21-57-62 248.6  harzburgite 42.8 0.1 1.8 8.1 0.1 42.5 3.0 0.02 0.03 0.01 98.6 13.0
C5708B-110Z1-62-67 248.6  harzburgite 43.5 0.0 1.0 8.1 0.1 441 1.9 0.02 0.02 0.01 98.8 13.5
C5708B-11224-47-52 254.6  harzburgite 43.9 0.0 1.2 7.7 0.1 43.2 25 0.06 0.03 0.01 98.8 13.0
C5708B-119Z1-34-39 272.6  harzburgite 42.9 0.0 0.6 8.9 0.1 46.0 0.2 n.d. 0.02 0.01 98.8 13.0
C5708B-11922-7-12 272.6  harzburgite 43.0 0.0 0.8 8.5 0.1 457 0.6 0.02 0.02 0.01 98.8 9.3
C5708B-119Z3-78-83 272.6  harzburgite 43.1 0.1 1.5 8.4 0.1 44.8 0.6 0.03 0.03 0.05 98.8 13.8
C5708B-120Z3-8-13 275.6  harzburgite 42.8 0.0 0.7 8.2 0.1 44.7 0.6 0.02 0.03 0.01 97.3 13.8
C5708B-120Z4-82-87 275.6  harzburgite 434 0.1 1.2 8.4 0.1 44.4 1.1 0.06 0.04 0.03 98.9 11.4
C5708B-121Z4-55-60 278.6  harzburgite 4.7 0.0 0.6 10.7 0.1 45.2 0.1 n.d. 0.02 0.01 98.5 13.7

Notes: n.d.: not detected. *: Total Fe calculated as Fe>Os.
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Table A3-1. Magnetic properties and mass fraction of magnetite of gabbroic rocks.

Sample Lithology Ms (Am?/kg) Mr/Ms Her/Hc  Mag (wt. %)
CM1A-7Z21-43-45 Gabbroic rocks 6.0 0.20 1.68 6.5
CM1A-7Z22-38-42 Gabbroic rocks 3.3 0.20 1.95 3.5
CM1A-872-10-14 Gabbroic rocks 0.0 0.17 1.99 0.0
CM1A-2821-85-88 Gabbroic rocks 0.0 0.21 1.93 0.0
CM1A-3221-53-55 Gabbroic rocks 4.1 0.20 1.98 4.5
CM1A-3921-84-88 Gabbroic rocks 0.0 0.21 2.16 0.0
CM1A-4621-34-39 Gabbroic rocks 0.0 0.25 1.93 0.0
CM1A-4722-62-67 Gabbroic rocks 1.0 0.21 1.75 1.1

CM1A-4823-10-15 Gabbroic rocks 0.0 0.23 1.75 0.0
CM1A-5122-72-77 Gabbroic rocks 0.2 0.09 2.88 0.2
CM1A-5124-72-77 Gabbroic rocks 0.0 0.11 417 0.0
CM1A-5571-76-81 Gabbroic rocks 1.2 0.25 1.74 1.3
CM1A-57723-12-17 Gabbroic rocks 22 0.11 1.95 24
CM1A-5773-43-48 Gabbroic rocks 0.3 0.12 2.39 0.3
CM1A-5821-50-54 Gabbroic rocks 28 0.08 3.18 3.0
CM1A-11323-25-30 Gabbroic rocks 0.0 0.24 2.41 0.0
CM1A-11324-11-16 Gabbroic rocks 0.0 0.16 4.76 0.0
CM1A-12421-40-48 Gabbroic rocks 0.1 0.12 2.58 0.1
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Table A3-2. Magnetic properties and mass fraction of magnetite of dunite.

Sample Lithology Ms (Am?/kg) Mr/Ms Her/He  Mag (wt. %)
CM1A-7022-26-31 Dunite 43 0.08 2.87 4.7
CM1A-79Z3-6-9 Dunite 4.6 0.06 3.23 5.0
CM1A-79Z3-40-45 Dunite 35 0.05 3.59 3.9
CM1A-8021-26-31 Dunite 6.2 0.06 5.31 6.8
CM1A-80Z4-24-29 Dunite 3.6 0.05 4.28 3.9
CM1A-8974-12-17 Dunite 4.8 0.05 3.49 5.2
CM1A-9022-48-53 Dunite 3.7 0.05 3.62 4.0
CM1A-13723-46-54 Dunite 5.4 0.08 2.86 5.9
CM1A-13822-18-26 Dunite 1.1 0.16 1.97 1.2
CM1A-14224-3-11 Dunite 2.8 0.07 3.04 3.0
CM2B-13Z3-7-12 Dunite 1.7 0.08 2.92 1.8
CM2B-15Z3-7-12 Dunite 24 0.10 2.19 2.6
CM2B-1573-38-43 Dunite 24 0.09 2.44 2.6
CM2B-1622-34-35 Dunite 29 0.10 2.35 3.1
CM2B-2471-14-19 Dunite 23 0.09 2.73 2.5
CM2B-5273-16-21 Dunite 55 0.12 2.15 6.0
CM2B-5471-29-34 Dunite 25 0.11 2.21 2.7
CM2B-5623-51-56 Dunite 1.8 0.10 242 2.0
CM2B-5974-11-16 Dunite 2.0 0.09 2.79 2.2
CM2B-6323-37-42 Dunite 2.0 0.10 2.68 2.2
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Table A3-3. Magnetic properties and mass fraction of magnetite of harzburgite.

Sample Lithology Ms (Am?/kg) Mr/Ms Her/Hc  Mag (wt.%)
CM1A-10722-5-10 Harzburgite 7.3 0.10 2.23 8.0
CM1A-11121-87-91 Harzburgite 6.4 0.09 2.61 6.9
CM1A-14422-24-32 Harzburgite 3.8 0.05 4.21 4.1

CM1A-14424-60-68 Harzburgite 0.3 0.16 1.92 0.3
CM1A-15021-24-32 Harzburgite 0.6 0.09 2.87 0.7
CM1A-160Z23-47-55 Harzburgite 0.5 0.17 1.94 0.5
CM1A-16321-12-20 Harzburgite 0.9 0.16 1.91 0.9
CM1A-17021-31-39 Harzburgite 0.8 0.12 248 0.9
CM1A-17922-30-38 Harzburgite 3.6 0.09 254 3.9
CM1A-17923-18-26 Harzburgite 4.7 0.06 3.24 5.2
CM2B-6821-27-31 Harzburgite 0.8 0.11 2.37 0.9
CM2B-73Z3-64-69 Harzburgite 1.7 0.08 3.00 1.8
CM2B-7724-70-75 Harzburgite 04 0.14 2.08 0.5
CM2B-8372-8-13 Harzburgite 04 0.15 1.86 0.4
CM2B-8673-10-15 Harzburgite 1.3 0.08 2.94 1.4
CM2B-90Z3-40-45 Harzburgite 04 0.16 1.77 0.4
CM2B-9024-65-70 Harzburgite 0.7 0.11 2.28 0.7
CM2B-9274-35-40 Harzburgite 0.5 0.15 1.90 0.5
CM2B-9274-80-85 Harzburgite 1.0 0.12 2.21 1.1

CM2B-9972-68-73 Harzburgite 1.0 0.09 2.67 1.0
CM2B-100Z2-15-20 Harzburgite 0.9 0.13 2.08 0.9
CM2B-10022-65-70 Harzburgite 1.0 0.10 2.41 1.0
CM2B-10022-80-85 Harzburgite 14 0.11 2.36 1.6
CM2B-100Z2-85-90 Harzburgite 0.5 0.12 222 0.5
CM2B-10421-33-38 Harzburgite 04 0.18 1.67 0.4
CM2B-10622-16-21 Harzburgite 0.5 0.11 2.34 0.5
CM2B-106Z23-16-21 Harzburgite 0.5 0.16 1.82 0.5
CM2B-10623-33-38 Harzburgite 0.6 0.19 1.71 0.7
CM2B-10623-45-50 Harzburgite 0.7 0.19 1.69 0.8
CM2B-11021-57-62 Harzburgite 0.7 0.19 1.73 0.8
CM2B-11021-62-67 Harzburgite 0.7 0.18 1.75 0.8
CM2B-11224-47-52 Harzburgite 0.9 0.15 2.00 0.9
CM2B-11921-34-39 Harzburgite 22 0.09 2.63 24
CM2B-11922-7-12 Harzburgite 0.4 0.23 1.58 0.4
CM2B-11923-78-83 Harzburgite 0.8 0.18 1.85 0.9
CM2B-120Z3-8-13 Harzburgite 1.5 0.11 2.37 1.6
CM2B-12024-82-87 Harzburgite 0.6 0.22 1.64 0.7
CM2B-12124-55-60 Harzburgite 6.5 0.06 3.12 7.1
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