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Overview

Transform faults are offsets along oceanic ridges with a length of 30 km or more, dividing ridge
axes into segments, some of which reach 1000 km. These offsets are strike-slip faults where oceanic
plates formed at ridges pass, and unlike other strike-slip faults, the direction of fault motion depends
on the direction of plate movement because of seafloor spreading. Transform faults form steep valley
topography and cliffs, and the valley is the deepest near the intersection with the ridge axis. Most
transform faults connect ridge to ridge, however there are small numbers of transform faults that
connect ridge to trench and trench to trench.

The viscosity of peridotite, the main component of the upper mantle, is decreased significantly
by water, and transform faults could be water inlets to the uppermost mantle. Therefore, water
infiltration and deformation of peridotite beneath transform faults are important to understand the
driving force of plate tectonics.

Of the oceanic ridges, those with particularly slow spreading rate of <20 mm/y are called
ultraslow-spreading ridges. Under the ultraslow-spreading ridges, only a small amount of magma
would be supplied from the deeper part, so that the influence of cooling should be relatively large.
Therefore, magma chambers and melt could not exist stably. As a result, since the production of
oceanic crust is unstable, mantle peridotites could have been exposed on the seafloor.

The Southwest Indian Ridge (SWIR) is an ultraslow-spreading ridge, and average thickness of
oceanic crust is very thin (1~2 km) due to inactive volcanic activities. Thus, peridotites have been
collected from the transform faults and fracture zones along the SWIR by multiple dredge surveys.

Deformed textures and crystallographic preferred orientations (CPOs) of olivine, which are
developed by plastic deformation of peridotite, provide clues to constrain the deformation condition.
Furthermore, it is known that olivine crystal has seismic anisotropy, and if crystal orientations of
olivine are concentrated in a specific direction, peridotites itself has distinct seismic anisotropies. The
CPOs and seismic anisotropies are good indices to characterize deformation of peridotites.
Additionally, inclusions in minerals are one of the clues for material cycle, and their compositions can
clarify not only temperature and pressure conditions when they were formed but also spatial
distribution of elements that have penetrated into minerals. However, there are few studies for
deformed textures and CPOs of peridotites and inclusions related to water infiltration, thus

deformation of mantle peridotites and material cycle around transform fault have been ambiguous.



In this PhD study, I studied 14 peridotites derived from Marion transform fault, SWIR from the
aspects of deformation, chemical composition and inclusion. I performed textural analyses by optical
microscope and electron backscattered diffraction (EBSD) to understand the types of deformation (i.e.,
strength, conditions and mechanisms). Raman spectroscopy and electron microprobe microanalysis
(EPMA) were performed to understand the chemical properties and reactions of melt with mantle
peridotites. A series of studies show that water seems to infiltrate into shallow upper mantle from

transform fault and affects deformation of mantle peridotites beneath the transform fault.

Part 1

Transform fault extended into a shear zone from the seafloor, so that rocks are deformed under hydrous
condition even at depth. Structural and petrological studies focusing on crystallographic preferred
orientations (CPOs) of constituent minerals can produce several clues to reveal deformation conditions
and mechanisms beneath the transform fault. However, most of the studies on transform faults have
paid attention to chemical compositions, and there are few studies focusing on structures of the rocks.
Therefore, the effects of water on shear deformation beneath transform faults are not well understood.
In Part 1, I studied 7 peridotites by optical microscope and EBSD, and found olivine CPOs developed
under hydrous conditions in the peridotites with plastically deformed amphiboles. Based on the CPOs
and deformed amphibole, I concluded that mantle peridotites beneath the transform fault was

deformed under hydrous conditions.

Part 2

Evidence of water infiltration along transform faults includes hydrous inclusions in addition to hydrous
minerals and olivine CPOs developed under hydrous condition. Fluid inclusions have been actually
found in peridotites derived from transform faults. In Part 2, I found numerous inclusions in coarse
olivine grains, and analyzed them by Raman spectroscopy. The inclusions exhibited various shapes,
and consisted of low-temperature serpentine, hydrogen, methane and graphite. Hydrogen, methane
and graphite are generated related to serpentinization, and they need water to form. Therefore, it is
suggested that water infiltrated into upper mantle and was trapped as inclusions in olivine grains, and
reacted with host olivine, then hydrogen and methane were generated, finally carbon dioxide and a

part of the methane were consumed to generate graphite.



Part 1

Water infiltration and hydrous shearing of mantle beneath a transform fault:

Marion transform fault, Southwest Indian Ridge

ABSTRACT
The ultraslow spreading (14 mm/yr) Southwest Indian Ridge lies between the Bouvet and Rodriguez
Triple Junctions extending from 1°W to 70°E. I studied the microstructural development of 7 peridotite
samples obtained from Marion transform fault of Southwest Indian Ridge by the PROTEA Expedition
Leg 5 cruise in 1983 of the RV Melville. The peridotites consist of olivine, orthopyroxene and
clinopyroxene with minor amounts of amphibole, plagioclase and chlorite, as well as secondary
minerals such as serpentine and magnetite. The peridotites were classified into two groups based on
their microstructures: 2 ultramylonites, mostly consisting of extremely fine grains (3-5um), and 5
heterogeneous tectonites consisting of deformed coarse-granular textures and subsequently developed
fine-grained shear zones. Olivine Mg# [=Mg/(Mg+Fe)] is 0.895-0.912 and spinel Cr# [=Cr/(Cr+Al)
atomic ratio] is 0.171-0.339, indicating very fertile to moderately depleted mantle compositions.
Amphibole grains have the chemical compositions of tremolite and magnesio-hornblende. The
ultramylonites have intensely deformed amphibole grains, whereas the tectonites have amphibole
ranging from undeformed grains to highly deformed grains, indicating that amphibole formed before
and/or during intense shearing in mantle. Moreover, extremely fine grain sizes of olivine and brittle
microstructures in both pyroxene and spinel grains such as micro-boudins suggest that these peridotites
have been sheared under high stress conditions. Olivine crystal-fabrics within the deformed amphibole
bearing peridotites have B and E types developed under hydrous conditions, whereas olivine fabrics
within the undeformed amphibole bearing peridotites have A and D types developed under anhydrous
conditions. Consequently, the petrophysical characteristics of peridotites in this study indicate that the
uppermost mantle below the Marion transform fault has been locally but intensely hydrated during

shearing due to deep rooted detachment faulting at the inside-corner high adjacent to the transform.



1. INTRODUCTION

Water decreases viscosity of peridotite by several orders of magnitude (Karato and Jung, 2003).
Plate tectonics requires low viscosity of mantle, so that infiltration of water into mantle plays an
important role for occurrence of plate tectonics (Korenaga, 2007, 2010, 2013). There are several places
where faults and fractures reach to upper mantle on the Earth, and water enters the Earth’s interior
(Kerric, 2002). For example, water is thought to go into mantle due to thermal cracking near a ridge
(Korenaga, 2007, 2010), carried down in subduction zones (e.g., Ulmer and Trommsdorff, 1995; Liu
et al., 1996), during flexure at an outer rise (e.g., Peacock, 2001; Hatakeyama et al., 2017) and due to
serpentinization at transform faults (Francis, 1981; Roland et al., 2010).

Several studies proposed that fracture zones are connected to the origin of the subduction zones
(Mueller and Phillips, 1991; Hall et al., 2003; Stern, 2004; Hirauchi et al., 2016). Mueller and Phillips
(1991) and Hall et al. (2003) showed that differences in densities of the passing plates resulted in the
initiation of subduction at a fracture zone. However, recent studies suggested that a weak crust
(coefficient of friction: u<0.1) would be required for the initiation of subduction (Stern, 2004; Hirauchi
et al., 2016). Thus, the occurrence of hydrous minerals such as amphibole and chlorite in abyssal
peridotite mylonites from the walls of transform valleys are of great interest due to the potential of
hydrolytic weakening of the transform slip zone at high temperatures in the lithosphere (e.g., Jaroslow
et al.,, 1996; Stern, 2004; Warren and Hirth, 2006; Kohli and Warren, 2020; Prigent et al., 2020;
Kakihata et al., 2022) with important potential implications for plate tectonics.

Olivine crystallographic preferred orientations (CPOs) in peridotites can be used as an
approximate indicator of water content, since olivine CPOs are thought to change their patterns with
the amount of water in olivine crystals: producing A, B, C, D and E type fabrics (Karato et al., 2008).
A or D fabrics would develop under anhydrous conditions, whereas B, C, or E fabrics would develop
under water present conditions (Jung and Karato, 2001; Katayama et al., 2004). It is noted that AG
type fabrics are also known to occur in nature (e.g., Michibayashi et al., 2016). Thus, olivine CPOs in
peridotites are useful to detect water infiltration from a transform fault. In this study, I consider water

infiltration along the transform fault based on mineral assemblages and CPO patterns of peridotites.
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2. GEOLOGICAL SETTING

The Marion Fracture Zone lies on the ultraslow spreading SWIR at 33°30’E (Fig. 1) between the
northern branch of the Andrew Bain FZ to the west and the Marion FZ to the east linked by two
intervening 132 and 75 km long orthogonal magmatic segments. It offsets the SWIR 120 km to the
northeast and is flanked by high transverse ridges that rise ~4 km above the floor of its ~35 km wide
5,200-m deep transform valley. The SWIR extends ~6,500 km northeast from the Bouvet to the Indian
Ocean Triple Junction (Fig. 1).

Unlike fast spreading ridges, there is little evidence for steady-state magma chambers, as found
at the East Pacific Rise due to the very low rate of magma supply, and overall the crust is thin and
discontinuous (Zhou and Dick, 2013), often with widely spaced large volcanic segments that connect
numerous transform faults and oblique amagmatic segments (e.g., Sauter 2010). This can produce very
large variations in crustal thickness over relatively short (~100 km) length scales (e.g., Rommevaux,
1994; Schlindwein and Schmid, 2016; Zhao et al., 2013). Due to its rough topography, and variable
magma budget, diabase, gabbro, peridotite and metamorphic rocks have been obtained by many
dredge surveys (Fig. 1; e.g., Dick, 1989; Meyer et al., 1989; Dick et al., 2003; Seyler et al., 2003; Zhou
and Dick, 2013; Sauter et al., 2013), making an ideal location for studying the lower crust and mantle,
and the magmatic and tectonic processes underlying plate tectonics.

Mantle peridotites, mostly granular and porphyroclastic harzburgites were dredged from the
Marion and adjacent Marion Transforms, associated with pillow basalt, diabase, and gabbro showing
that the transform walls expose the lower crust and mantle (Fig. 1; Fisher et al., 1986). The mylonite
peridotites, which are the focus of this study, were collected from the eastern wall of the Marion
Transform (Dredges 18 and 19 in Fig. 1). Jaroslow et al. (1996) first reported these intensely deformed
peridotite mylonites containing amphibole and chlorite. These authors report geothermometrically
derived olivine-spinel equilibration temperatures of 633° to 844°C for four Dredge 18 peridotites
(samples 2, 6, 23, and 40), representing the minimum temperatures for their crystal plastic deformation.

In this study, I used 7 peridotites derived by the dredge survey during PROTEA cruise in 1983 as

samples for analyses (Table 1). Mylonitized peridotites such as my samples represent about 5% of all
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dredged abyssal peridotites. They have previously been collected in-situ from detachment fault
footwalls at the Kane Megamullion (Dick et al., 2008) and the Atlantis Bank Oceanic Core Complex
(Dick et al., 2019). As such they do not generally represent samples from the actual transform slip
zone, however, they do represent high temperature mylonites that formed where the detachment fault
rooted deep within the upper mantle at the ridge axis. Dick et al. (2008, 2019), however, suggest that
the detachment fault turns into and merges with the transform-slip zone at ridge-transform
intersections, forming a single fault system.

The Dredge 18 and 19 samples come from 5,100-4,800 and 3,900-2,700 m respectively on the
Marion Transform wall (Fig. 1), and thus whereas the Dredge 19 samples likely represent detachment
footwall mylonites, the Dredge 18 mylonites may have been uplifted by later transform parallel high-
angle normal faulting from beneath the transform valley floor. In either case, however, it can be argued
that these mylonites formed from similar parent mantle peridotite under conditions very similar to that

in the transform slip zone.

3. METHODS

3. 1. Sample preparation for microstructural observation

30-um thick thin sections were prepared on the plane perpendicular to the foliation and parallel
to the lineation (XZ planes) defined by elongated and/or linearly arranged spinel and pyroxene grains.
They were then polished using I-uym diamond paste and colloidal silica for >5 hours for

microstructural observations and analyses.

3.2. Major element compositions

Major element compositions of 7 samples were analyzed by electron microprobe (JEOL JXA-
8900R). Thin sections were carbon coated by the thickness of ca. 360 nm to avoid charging during
analyses. An accelerating voltage of 20 kV, probe current of 12 nA and beam diameter of 2 um, with
a count time of 10 s for 12 elements and 5 s for background were used. Ferric ion contents of spinel

were determined by spinel stoichiometry.



3.3. Crystallographic-preferred orientations (CPOs)

CPO patterns of olivine grains in highly polished XZ thin sections were measured by using a
scanning electron microscope (SEM) equipped with an electron back-scatter diffraction (EBSD)
system (HITACHI S-3400N Type II with HKL Channel5). 20 kV accelerating voltage, and low
vacuum mode (30 Pa) were used. I measured more than 200 crystal orientations per sample, and each
crystal orientation was projected on lower hemisphere equal area stereo nets.

In this study, I used J-index as an measure of crystal orientation intensity, which takes the value
of 1 when crystal orientations are completely random and infinite when those are single. The value of

J-index is defined by

1= [ @2

where f(g) is texture function (Mainprice and Silver, 1993). g = (¢;, ¢, ¢,) and dg = 1/8w%d¢p,d ¢
dg, with triplet of Euler angles ¢4, ¢, @5, respectively.

CPO patterns of peridotites can be evaluated quantitatively in comparison with P-wave seismic
velocities (Michibayashi, 2015; Michibayashi et al., 2016). To define the field of the six olivine fabric
types (i.e. A, B, C, D, E and AG types) in a diagram, I should consider the orientations of the three
principal axes in the structural framework (X, Y, Z-axes) where the foliation is the XY plane and the
lineation is parallel to the X-axis. Thus, V% is the velocity parallel to the X-axis, ¥y is parallel to the Y-
axis, and V- is parallel to the Z-axis. I used a Flinn diagram (Flinn, 1969) to characterize the CPO
patterns and evaluate the fabric intensities based on hand specimens P-wave anisotropies. In this
diagram, Vx/Vy and 13/Vz as the ratios of the P-wave velocities in directions of X, Y, Z-axis of the
samples are vertical axis and horizontal axis, respectively, and (1, 1) is origin (Michibayashi et al.,
2016). In this way, the fabric-index-angles for the six olivine fabric types have been defined by the
angle of inclination between the origin and a point in the diagram: 63° for A type, -28° for B type,
158° for C type, 90° for D type, 106° for E type and 0° for AG type (Michibayashi et al., 2016).

EBSD analysis provides not only crystal orientations but also phase information. Phase maps
were obtained by using step sizes of 2.5 to 5 um. I used HKL Channel5 software to process map data

by removing single pixels that differed >10° and extrapolating non-indexed pixels with average
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orientation of neighboring 4 pixels.

4. RESULTS

4.1. Microstructures

Five samples (D19-86, D19-5, D19-2, D19-85 and D18-12; Fig. 2a-e) have heterogeneous
textures consisting of variously deformed coarse grains and anastomosing fine-grained domains,
whereas two samples (D19-58 and D19-47; Fig. 2f-g) are ultramylonites consisting of an extremely
fine-grained matrix with several porphyroclast grains. The two ultramylonites exhibit alternately
arranged multi-layer structures of olivine and amphibole, where the layers have variable thickness.
One of the ultramylonites (D19-47; Fig. 2g) also has microfolds and shear bands.

Figure 3 shows the phase maps, where white and black lines are subgrain boundaries
(misorientation angles are 2° to 10°) and grain boundaries (>10°), respectively. Peridotites with
heterogeneous textures include olivine, orthopyroxene, clinopyroxene and spinel as coarse-grained
crystals and amphibole as fine-grained matrix, and its grain sizes range from a few micrometers to
several millimeters (Fig. 3a-e). D19-86 (Fig. 3a), D19-5 (Fig. 3b) and D19-2 (Fig. 3c) contain
amphiboles with few subgrain boundaries that cut olivine and pyroxene crystals, whereas D19-85 (Fig.
3d) and D18-12 (Fig. 3e) contain fine-grained amphiboles with subgrain boundaries. Ultramylonites
contain olivine, spinel and amphibole occurring as both matrix and porphyroclasts, whose sizes are
less than 20 pm, and ~1.5 mm respectively (Fig. 3f-g). D18-12 (Fig. 3e) and two ultramylonites (Fig.

3f-g) include large amounts of amphibole and minor pyroxene.

4.2. Major element compositions

Major element compositions of olivine, spinel and amphiboles are shown in Fig. 4 and Tables 2-
4. Olivine grains in 7 peridotites have generally homogeneous compositions. The Mg#
[=Mg/(Mg+Fe)] of olivine are almost constant, ranging from 0.895 to 0.912 (Table 2). Spinel grains
have Mg# values 0f 0.594 to 0.740 and Cr# [=Cr/(Cr+Al) atomic ratio] of 0.171 to 0.339. TiO; contents

of all spinel grains are less than 0.15 wt.% (Table 2) indicating that these were nearly pure residues of
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mantle melting with little or no late-stage melt impregnation (e.g., Dick and Bullen, 1984). These
values are similar to those of other abyssal peridotites (Fig. 4b, c), and chemical components of both
olivine and spinel grains plot inside of OSMA (Arai, 1994), indicating that they were derived from
mantle peridotites, regardless of their textures and occurrence of amphibole (Fig. 4a). Amphiboles
have high Mg# values (> 0.9), and range in composition from tremolite to magnesio-hornblende and

pargasite (Fig. 4d-e).

4.3. Crystallographic-preferred orientations (CPOs)

The transform peridotite CPO patterns are shown in the XZ reference frame in Fig. 5. Those
samples with deformed amphiboles and subgrain boundaries and those with undeformed amphiboles
with few subgrain boundaries are significantly different. Those containing undeformed amphiboles
with few subgrain boundaries, D19-2, D19-5 and D19-86, show A to D type fabric (Fig. 5a-c). The
two mylonites, D19-47 and D19-58, as well as D18-12 and D19-85, all of which have deformed
amphiboles and sub-grain boundaries show B and E type or random fabrics (Fig. 5d-g).
Ultramylonite D19-58 with deformed amphiboles shows a complicated fabric (Fig. 5f) exhibiting a
tendency to c-axis slip. J-indices range from 1.63 (D18-12; Fig. 5e) to 4.58 (D19-47; Fig. 5g).

Figure 6 shows the Flinn diagram plot for the P-wave velocity (¥p) anisotropies (right panel in
Fig. 5) calculated for my samples based on the olivine CPO data, elastic coefficients, and density of a
single olivine crystal (Mainprice, 1990), where each zone of the six fabric types is defined following
to Michibayashi et al. (2016). The ratio of /3/Vz and Vx/Vy of ultramylonite D19-47 plots in the B type
zone, whereas that of the other ultramylonite D19-58 plots near the A type zone. The ratios of D18-12
and D19-85 showing heterogeneous textures are in the B and E type zones, respectively. Those of
D19-2 and D19-5 are plotted in the A type zone, and D19-86 is in the D type zone.

D19-47 shows the strongest Vp anisotropy (AVp = 8.19%), whereas D18-12 shows weakest
anisotropy (AVp = 2.10%), the others indicate moderate strength (AVp = 5.06-7.37%). There is a

positive correlation between J-indices and the values of AVp.



5. DISCUSSION
5.1. Deformation of peridotites

There are several studies reporting deformed peridotites obtained from transform fault. Jaroslow
et al. (1996) reported mylonitic peridotites derived from the transform faults along the SWIR. They
concluded that the textures were formed by strain localization accompanied by decrease in temperature.
Moreover, they referred to hydrothermal alteration of peridotites due to the existence of hydrous
minerals.

Peridotites analyzed in this study show ultramylonitic or heterogeneous textures with coarse-
grained olivine and pyroxene crystals and fine-grained domains. It shows that strain partitioning and
grain size reduction occurred in these peridotites. Additionally, these peridotites have fine-grained
amphiboles in their matrix. Karato and Jung (2003) reported that water significantly decreases
viscosity of peridotite. The presence of water may have influenced not only the formation of

amphiboles but also strain partitioning during deformation.

5.2. P-T conditions and generation of hydrous minerals

Amphibole peridotites and amphibole-chlorite peridotite are stable under ~1400 MPa (Jenkins,
1981). Spinel (MgAl>,04) is stable above ~800 MPa, and at lower pressure, it reacts with orthopyroxene
and clinopyroxene to produce plagioclase (Jenkins, 1981). There are spinel peridotites and
spinel/plagioclase peridotites both containing amphibole and locally chlorite (Fig. 3). Hence, it
suggests that water infiltrated the peridotites under the pressure conditions of 1,400 MPa or less (Fig.
7).

These peridotites contain several hydrous minerals, which occur under different temperature
conditions. The constituent minerals of peridotite react with water at different temperatures. Pyroxenes
react preferentially with water to produce amphibole under high temperature condition (~800 °C):

Opx + Cpx + Sp + Ho O — Amp + Fo
where Opx, Cpx, Sp, Amp and Fo in the above formula are orthopyroxene, clinopyroxene, spinel,
amphibole and forsterite, respectively. At lower temperature (~600 °C), Chlorite is generated by the

following equations:
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Opx + Sp + Fo + H,O — Chl

Amp + Fo — Opx + Cpx + Chl + H,O
where Chl is chlorite. As the temperature further drops, serpentines appear by reactions of olivine,
pyroxene, amphibole (tremolite) and water (<400 °C).

All samples include amphibole, and D19-5 has also chlorite (Fig. 3). Additionally, although
samples show serpentine veins, no samples have anthophyllite and talc. These features indicate that
they were affected by water until the temperatures drop down from ~800 °C to lower than 400 °C. The
lack of anthophyllite and talc implies that hydration of peridotite proceeds at higher temperature than
700 °C (Fig. 7). The existence of peridotites containing large amounts of amphibole and small amounts
of pyroxenes (Fig. 3) suggests that consumption of pyroxenes advanced by hydration under that

temperature condition.

5.3. CPOs of peridotites derived from the transform fault

Peridotite develops different olivine CPO patterns depending on water content during
deformation (Karato et al., 2008). Water-poor (< 200 H/10°Si) peridotite develops A or D type fabric,
while peridotite with moderate to saturated amount of water (200~1310 H/10°Si) develops a B, C or
E type fabric depending on differential stress. Therefore, the CPO pattern can be used as an
approximate indicator of peridotite water content during deformation. There are many studies
suggesting the presence of water during peridotite deformation based on the olivine fabrics (e.g.,
Mizukami et al., 2004; Tasaka et al., 2008; Skemer et al., 2010; Muramoto et al., 2011; Michibayashi
and Oohara, 2013; Johanesen and Platt, 2015; Czertowicz et al., 2016; Hidas et al., 2016; Précigout et
al., 2017; Kohli and Warren, 2020; Prigent et al., 2020).

In previous studies, pole figures projected on equal area, lower hemisphere nets have been used
to exhibit olivine fabrics. Recently, V'p-Flinn diagrams with Vx/}» on the vertical axis, and }3/Vz on
the horizontal axis with (1, 1) for the point of origin have been used (Fig. 6; e.g., Michibayashi, 2015;
Michibayashi et al., 2016; Soustelle and Manthilake, 2017). This allows evaluation of CPO patterns
quantitatively by the angle of inclination between the origin and a point in the diagram () and distance

from the origin (Fig. 6). In this study, the three samples (D19-5, D19-5 and D19-86) with undeformed
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amphiboles with only a few subgrain boundaries show A to D type fabrics (Figs. 5 and 6), while two
samples (D19-85 and D19-47) containing deformed amphiboles with subgrain boundaries show B and
E type fabrics in the pole figures (Figs. 5 and 6). Thus, amphibole formed after deformation in the
samples with A to D type fabrics, while amphibole formed before or during deformation in those with
B and E type fabrics.

One heterogeneous structured peridotite (D18-12) with deformed amphiboles shows a random
fabric in the pole figure (Fig. Se), but the calculated seismic plots on the line of B type fabric near the
origin in a Vp-Flinn diagram (Fig. 6). This indicates the specimen developed a weak B type fabric
during deformation with amphibole. Ultramylonite D19-58 has a complicated fabric (Fig. 5f) that
shows a tendency to c-axis slip and plots in the A type field of the Flinn diagram (Fig. 6). Based on
the presence of deformed amphibole in this sample, the fabric in Fig. 5f would have formed by slip on
both (001)[100], resulting in an E type fabric, and the (010)[001] slip system resulting in B type fabric,
which implies the presence of water during deformation. As a consequence, these observations are
consistent with Karato et al.’s (2008) results as amphibole formation requires water, suggesting that

the peridotites deformed under hydrous condition.

5.4. Hydrous shearing under the transform fault

It has been previously pointed out that water enters into the Earth’s interior from transform fault
(e.g., Francis, 1981; Tucholke and Lin, 1994; Kerric, 2002; Roland et al., 2010). These studies imply
that water infiltrates lithospheric mantle at a transform fault because of the existence of serpentines
and thermal structure of transform fault. In this study, the peridotite ultramylonites have amphibole
porphyroclasts (Fig. 3f), which indicates that they formed prior to deformation, while the
heterogeneous textured peridotites contain amphibole in the matrix (Fig. 3a, c-d), which indicates that
amphibole crystallized before and/or during deformation. Furthermore, the existence of peridotites
containing undeformed amphibole (Fig. 3b) indicates that amphibole was generated continuously
before, during, and after deformation. These observations suggest that water infiltrated the transform
fault during shearing (Fig. 8).

Also, minerals such as amphibole, chlorite, spinel and plagioclase in peridotite (Fig. 3) can
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indicate an approximate pressure during their formation, and consequently depth water infiltrated the
shear zone. The presence of chromian spinel (Mg,Fe)(Cr,Al,Fe),04 suggests pressures condition of
less than the transition from pure spinel (MgAl,O4) to plagioclase peridotite, corresponding to depth
less than ~40 km (i.e., 1400 MPa; Fig. 7; Jenkins, 1981). The textures, mineral assemblages and olivine
fabrics all indicate water infiltration during formation of these mylonites. In contrast, typical abyssal
peridotites do not contain primary or secondary high temperature amphiboles, including those dredged
in the adjacent transforms.

Active deformation raises permeability in rocks, this creates a negative pressure gradient that
draws in fluid and volatiles into shear zones and fault systems. As a result, fault systems studied on
land are frequently the location of hydrothermal ore deposits due to the localization of fluid flow along
them. Based on my results and previous work, I propose that deformation of the peridotite takes place
under hydrous condition, with water infiltration and shearing occur at the same time under the
transform fault (Fig. 8).

The source of the water would be important to identify. It could be seawater percolating down
into the fault system at depth (Fig. 8), or it could be derived from the host peridotite or fluids from
gabbroic intrusions at depth. Given the presence of high-temperature amphiboles, this could have
occurred at temperatures up to ~800°C, perhaps higher. Kurz et al. (2009) have found that mantle-
derived helium is concentrated in high temperature mylonite peridotites from the SW Indian Ridge
and from the Josephine Ophiolite in Oregon — which leaves open the real possibility that the water is
also juvenile, rather than seawater derived.

My sample locations range from high to low on the eastern Marion Transform wall (Fig. 1). Only
5% of the peridotites dredged from transform walls are mylonites (Dick, 1989). Moreover, mylonites
do not occur randomly in peridotite dredge hauls. Rather virtually the entire haul is mylonite, or they
are all protogranular and porphyroclastic peridotites (Dick, 1989). In general, the dredge samples
represent loose talus, and rarely is there evidence that they are ripped from outcrop. Most represent
debris fields produced by landslips. This is consistent with peridotite mylonites sampled in-situ on
detachment footwalls, representing thick zones of shear deformation likely less than a few hundred

meters underlain by massive granular peridotite.
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The mylonites dredged from the base of the transform wall might be uplifted by late faulting from
the transform slip zone, but it is more likely that they also represent the detachment fault shear zone
as it turns into and merges into the transform slip zone below the transform wall (Dick et al., 2019).
This becomes the western branch of a fault flower structure formed by the extension of the opposing
detachment fault intersections with the transform slip zones as at the Kane Megamullion on the MAR
and at Atlantis Bank on the SWIR (see Dick et al., 2008, 2019).

Based on seismic studies, however, the primary slip zone in the transform is the central vertical
branch of the flower structure, not the branches that extend upward to the transform walls, and merged
with the detachment faults at the ridge transform intersections. The conditions of formation of these
mylonites, however, should replicate those in the principle transform slip zone and show that water-
influenced high-temperature granulite facies deformation must be occurring at depth within the main

transform slip zone with a consequent negative effect on its strength and viscosity.

6. CONCLUSIONS

In this study, I analyzed 7 deformed peridotites derived from Marion transform fault, the SWIR.
These samples include ultramylonites and heterogeneous textured peridotites. Ultramylonites show
layering structures with extremely fine-grained matrix and porphyroclasts composed of olivine,
amphibole and spinel. Heterogeneous-textured peridotites show fine-grained matrix and coarse-
grained crystals of olivine, pyroxenes and spinel. Ultramylonites and two out of heterogeneous-
textured specimens exhibit deformed structures of amphiboles.

The major element compositions of olivine and spinel indicate that these were likely typical
residues of mantle melting prior to deformation. Amphiboles have chemical components of tremolite,
magnesio-hornblende and pargasite, indicating a range of conditions for infiltration of water, which
may have either a seawater or juvenile origin — or both.

Three samples have not only spinel but also plagioclase. This implies that hydration of these
peridotites occurred at low pressure. The presence of amphibole, chlorite and serpentine means these
peridotites were affected by water from ~800 °C to <500 °C.
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Olivine CPO patterns are significantly different between specimens including non-deformed
amphiboles and those including deformed amphiboles. Specimens with non-deformed amphiboles
show A to D type fabric, which are assumed to represent deformation under water-poor conditions. On
the other hand, specimens including deformed amphiboles show B and E type fabric, but one
ultramylonite, which indicated deformation in the presence of moderate to large amounts of water. The
one ultramylonite exhibits complicated fabric showing a tendency of c-axis slip, which also implies
the effect of water. Given that the conditions of formation of these mylonites should be the same as
those in the central slip zone of the transform, this indicates that there should be a significant effect of

water on the strength of the lithosphere in the transform domain below the zone of serpentinization.
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Figure 1. Location of the Southwest Indian Ridge (SWIR) and the Marion transform fault. Numbers
on red arrows indicates spreading rate. Dredges 18 and 19 on enlarged map of the Marion transform

fault indicate the sampling sites of analyzed samples in this study (18 for PROTEA.5 D18 and 19 for
PROTEA.5 D19).
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Figure 2. Photomicrographs of the peridotites derived from the Marion transform fault. (a)-(e)

Heterogeneous-textured peridotites. (f) and (g) Ultramylonites. Abbreviation: Ol = olivine, Cpx =

clinopyroxene, Opx = orthopyroxene, Sp = spinel, Plg = plagioclase, Amp = amphibole
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Figure 3. Phase maps of peridotites shown the area indicated by white dotted squares in Fig.2.

Abbreviation: Ol = olivine, Cpx = clinopyroxene, Opx = orthopyroxene, Sp = spinel, Plg = plagioclase,
Amp = amphibole, Chl = chlorite, Mgt = magnetite
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Transform fault

Chl Peridotite

Figure 8. Schematic diagram illustrating water infiltration from a transform fault and possible hydrous
minerals contained in peridotite. Dotted lines are isotherms of 600 °C and 800 °C. Area shaded by

gray lines is ductile shear zone. Abbreviation: Amp = amphibole, Chl = chlorite, Srp = serpentine
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Table 1. Sampling sites of the peridotites.

Dr Sample Number Lat Lon Depth (m) Texture Location
18 2 46.505 33.763 5100 Heterogeneous . East Wall of
texture Marion Transform fault
19 ) 46507 33.832 3900 Heterogeneous . East Wall of
texture Marion Transform fault
19 5 46507 33.832 3900 Heterogeneous . East Wall of
texture Marion Transform fault
. East Wall of
19 47 -46.507 33.832 3900 Ultramylonite Marion Transform fault
. East Wall of
19 58 -46.507 33.832 3900 Ultramylonite Marion Transform fault
Het East Wall of
19 85 46507 33832 3000 eterogeneous East Wallo
texture Marion Transform fault
H E 1l of
19 86 46507 33832 3000 cterogeneous  EastWallo
texture Marion Transform fault
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Table 2. Major element compositions of olivine. The values are averages for each sample.

Sample (a) D19-86 (b)D19-5 (c) D19-2 (d) D19-85 (e) D18-12 (f) D19-58 (g) D19-47
No. of analysis 10 28 21 14 16 22 4
SiO, 40.33 40.65 40.62 40.32 40.57 41.64 40.39
TiO, 0.01 0.01 0.01 0.00 0.01 0.01 0.00
ALO; 0.01 0.10 0.03 0.02 0.04 0.25 0.08
FeO 9.08 9.25 8.67 8.90 10.20 9.18 9.59
MnO 0.13 0.14 0.12 0.13 0.14 0.04 0.13
MgO 50.19 50.02 50.50 49.87 48.92 48.76 49.26
CaO 0.01 0.02 0.00 0.01 0.04 0.04 0.06
Na,O 0.00 0.01 0.00 0.01 0.02 0.01 0.02
K,0 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Cr,0; 0.00 0.05 0.03 0.03 0.03 0.05 0.01
NiO 0.22 0.23 0.26 0.22 0.22 0.01 0.22
Total 99.98 100.46 100.24 99.51 100.18 99.99 99.78
Cations
Si 0.99 0.99 0.99 0.99 1.00 1.01 0.99
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 0.01 0.00
Fe 0.19 0.19 0.18 0.18 0.21 0.19 0.20
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 1.83 1.82 1.83 1.83 1.79 1.77 1.80
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
Ni 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Total 3.01 3.01 3.01 3.01 3.00 2.98 3.01
Mgt 0.91 0.91 0.91 0.91 0.90 0.90 0.90
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Table 3. Major element compositions of spinel. The values are averages for each sample.

Sample () D19-86 (b) D19-5 (c) D192 (d) D19-85 (e) DI8-12 (f) D19-58 (g)D19-47

No. of analysis 4 11 5 16 10 18 22
SiO, 0.13 0.07 0.08 0.07 0.11 0.11 0.07
TiO, 0.07 0.11 0.01 0.07 0.09 0.00 0.03

AbLO; 39.14 40.53 49.16 40.58 51.11 37.89 50.63
Fe,04 1.55 1.68 1.41 2.17 1.53 491 1.89
FeO 14.94 14.51 11.50 14.51 13.86 16.39 13.51
MnO 0.21 0.20 0.15 0.19 0.14 0.06 0.14
MgO 15.21 15.85 18.37 15.66 16.84 13.64 17.11
CaO 0.07 0.01 0.00 0.01 0.05 0.00 0.02
Na,O 0.01 0.01 0.00 0.02 0.03 0.04 0.01
K,0O 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr,0; 29.56 28.77 19.43 27.61 15.73 25.13 16.34
NiO 0.07 0.10 0.13 0.09 0.14 0.05 0.15
Total 100.98 101.83 100.25 100.98 99.65 98.23 99.91
Cations
Si 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
Al 1.29 1.32 1.55 1.34 1.62 1.31 1.61
Fe' 0.03 0.04 0.03 0.05 0.03 0.11 0.04
Fe** 0.35 0.34 0.26 0.34 0.31 0.40 0.30
Mn 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.64 0.65 0.74 0.65 0.68 0.59 0.69
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 0.66 0.63 0.41 0.61 0.34 0.58 0.35
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 2.99 2.99 3.00 3.00 3.00 3.00 3.00
Mgt 0.64 0.66 0.74 0.66 0.68 0.60 0.69
Cr# 0.34 0.32 0.21 0.31 0.17 0.31 0.18
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Table 4. Major element compositions of amphibole. The values are averages for each sample.

Sample () D19-86 (b) D19-5 (c) D192 (d) D19-85 (e) D18-12 (f) D19-58 (g) D19-47

No. of analysis 5 3 3 2 4 7 12
SiO, 48.17 56.81 54.49 44.74 49.54 49.82 47.48
TiO, 1.22 0.09 0.11 0.51 0.41 0.49 0.63

AbLO; 9.66 0.78 4.25 14.21 8.64 8.59 10.33
FeO 3.13 2.28 2.00 3.40 3.24 3.75 3.63
MnO 0.06 0.08 0.04 0.05 0.07 0.02 0.06
MgO 20.02 22.69 22.13 18.12 19.92 21.66 19.14
Ca0O 12.27 12.76 12.77 12.25 12.05 10.85 12.40
Na,O 1.71 0.18 0.73 2.32 1.50 1.32 1.76
K,0 0.04 0.00 0.02 0.05 0.03 0.04 0.09
Cr,05 0.84 0.16 0.31 0.29 0.52 0.07 0.53
NiO 0.00 0.01 0.01 0.01 0.07 0.53 0.01
Total 97.12 95.83 96.83 95.94 95.98 97.14 96.06
Cations
Si 6.74 7.92 7.53 6.36 6.98 6.91 6.73
Ti 0.13 0.01 0.01 0.05 0.04 0.05 0.07
Aliv 1.26 0.08 0.47 1.64 1.02 1.09 1.27
Alvi 0.33 0.04 0.22 0.74 0.41 0.32 0.45
Fe' 0.21 0.03 0.09 0.21 0.19 0.35 0.24
Fe*" 0.15 0.24 0.14 0.19 0.19 0.08 0.19
Mn 0.01 0.01 0.00 0.01 0.01 0.00 0.01
Mg 4.18 4.71 4.56 3.84 4.18 4.48 4.04
Ca 1.84 1.91 1.89 1.87 1.82 1.61 1.88
Na 0.46 0.05 0.20 0.64 0.41 0.36 0.48
K 0.01 0.00 0.00 0.01 0.00 0.01 0.02
Cr 0.09 0.02 0.03 0.03 0.06 0.01 0.06
Ni 0.00 0.00 0.00 0.00 0.01 0.06 0.00
Total 15.41 15.01 15.15 15.60 15.33 15.33 15.44
Mgt 0.96 0.95 0.97 0.95 0.96 0.98 0.95
(Na+K)A 0.42 0.01 0.15 0.60 0.34 0.33 0.44
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Part2
Hydrous inclusions in olivine grains as an evidence of water infiltration along

transform fault: Marion transform fault, Southwest Indian Ridge

ABSTRACT
Transform faults are shear zones along oceanic ridges and have been considered as entrances of water
into upper mantle. Peridotites with hydrous minerals such as amphibole and chlorite suggest that water
infiltration along transform faults, while inclusions consisting of fluids and/or hydrous minerals can
also be an evidence of water infiltration. In this study, I described and measured 43 olivine-hosted
inclusions in 11 peridotites derived from Marion transform fault, Southwest Indian Ridge by optical
microscope and Raman spectroscopy. The inclusions consist of low-temperature serpentine, hydrogen
and coexisting methane and graphite. Furthermore, the peridotites contain also amphiboles. Therefore,
it is suggested that water infiltrated into shallow upper mantle where the temperature is up to ~800 °C
and trapped in olivine grains, then after temperature dropped, reacted with host olivine to form low-
temperature serpentine, hydrogen and coexisting methane and graphite. A series of reaction requires
water, thus inclusions of hydrous minerals and/or hydrogen, methane and graphite indicate water

infiltration along the transform fault.

1. INTRODUCTION

Transform faults are offsets along oceanic ridges, dividing ridge axes of ridges into segments.
These offsets are strike-slip faults where oceanic plates formed on ridges pass each other, the direction
of fault motion depends on the direction of plate motion due to seafloor spreading. In transform faults,
seismic activities and deformed rocks due to fault motion has been observed. Roland et al. (2010) has
constructed the model that explains thermal structure of transform fault and concluded that spatial
distribution of earthquake along oceanic transform fault can be predicted more accurately with water
infiltration based on several simulations. It has been pointed out that transform faults are shear zones

on the seafloor that act as water inlets to the upper mantle (e.g., Francis, 1981; Kerric, 2002). Jaroslow
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et al. (1996) described hydrous minerals in ultramafic rocks derived from the fracture zones along
Southwest Indian Ridge (SWIR) and Mid-Atlantic Ridge (MAR). They proposed that temperature of
hydrothermal alteration of the peridotites was in the range of 350~700 °C based on the existence of
amphibole, chlorite and serpentine.

In Part 1 study, deformation of hydrous minerals and CPOs of olivine formed under hydrous
ccondition were described. In addition to these features, hydrous inclusion can be cited as an evidence
of water infiltration. Klein et al. (2019) found fluid inclusions with methane (CH4) and hydrogen (H>)
in gabbros and peridotites from wide range of tectonic settings by Raman spectroscopy. They
discussed change in equilibrium compositions of olivine-hosted inclusions by thermodynamic
modeling and concluded that the inclusions had been trapped in olivine above ~400 °C, and CH4 and
H; had occurred by serpentinization below ~340 °C. Kohli and Warren (2020) reported planar
structures of fluid inclusions in mylonitic peridotites derived from Shaka fracture zone, SWIR. Their
study proposed that formation process of the planar structures of fluid inclusions; cracks in olivine
grains were formed by temporary change in differential stress due to earthquakes, then water infiltrated
into the cracks, finally the cracks were healed and water was trapped in olivine grains as fluid
inclusions. The purpose of Part 2 study is to consider water infiltration along the transform fault from

a different aspect from Part1 study based on the existence of hydrous inclusions.

2. METHODS

2.1. Samples

The samples are 11 peridotites derived from Marion transform faults, of which 4 are the same as
those in Part 1 study (Table 1). In addition to the thin sections made in Partl study, 7 thin sections
were newly made as analytical samples for optical observation and Raman spectroscopy. Thin sections

were prepared in the same manner as Partl study.

2.2. Optical observation and Raman spectroscopy of inclusions

Olivine inclusions were observed by optical microscope with magnification >50 focusing on the
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size, shape and distribution. To confirm that inclusions were exposed on the surface of the thin section,
observations with a reflected light microscopy were also performed.

Raman spectroscopy was performed with Nicolet Almega XR Raman micro-spectrometer
(Thermo Fisher Scientific) equipped with a 532 nm Nd-YAG laser, a thermoelectric-cooled charge-
coupled detector (256 % 1024 pixels) and an automated confocal microscope (Olympus BX5) housed
at the Rock and Mineral Laboratory, Nagoya University. The room temperature was kept at 20 °C. The
system was calibrated by 520 cm™ band of Si wafer as a standard at each measurement to check
reproducibility of analyses. In the analyses, I chose 43 inclusions from 11 samples that were not
exposed on thin section surface to avoid contamination. 100x objective lens (numerical aperture = 0.9)
was selected for point analyses to achieve the resolution of 0.6 pm. The acquisition duration was set
to 60 seconds with 10 s of exposure time and 6 times of accumulations per point. The range of

wavenumber was 106~4233 cm' so that there is no omission in the detection of peaks.

3. RESULTS

3.1. Description of the inclusions

Coarse olivine grains with diameters of more than several hundred micrometers in the tectonites
contained numerous inclusions, while there were few inclusions in fine-grained olivine within matrix
of the tectonites and the ultramylonites. Several inclusions were found in porphyroclasts of the
ultramylonites, however they were too small to measure. Moreover, minerals other than olivine, such
as orthopyroxene (Opx) and clinopyroxene (Cpx), contained almost no inclusions. Olivine grains
contain numerous inclusions up to 15um in diameter with various shapes such as rounded, planar and
irregular. The inclusions were continuously distributed, often forming planar structures (Fig. 1). These
inclusions were encapsulated with olivine, and distribution of the inclusions and position of serpentine

veins and grain boundaries did not seem to be related.

3.2. Compositions of the inclusions

The inclusions in olivine grains contain (1) Ha, (2) low-temperature (LT) serpentine, (3) LT
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serpentine + H», (4) LT serpentine + CHy, (5) LT serpentine + CHs + H» and (6) LT serpentine + CH4
+ C (graphite). Inclusions with different compositions existed within the same olivine grain (Table
2). Below, these results are described in detail.
3.2.1. H; inclusion
Peaks of Raman spectra were found at ~352, 585cm™ and 4120-4160cm™, indicating the presence
of hydrogen (Fig. 2a). H, was detected in 12 inclusions in 6 samples (2 in D17-5, 1 in D19-5, 1 in
D19-11,3 in D19-14, 1 in D19-85 and 4 in D19-8; Table 2).
3.2.2. LT serpentine inclusion
41 inclusions in 9 samples (5 in D17-5, 4 in D19-2, 1 in D19-11, 3 in D19-14, 4 in D19-22, 7 in
D19-28, 6 in D19-31, 4 in D19-85 and 7 in D19-86) contained LT serpentine (Table 2). These
inclusions exhibited the peaks of Raman spectra at ~690, 960 cm™ and ~3680-3690 cm™', which is
characteristic of hydrous mineral (Fig. 2b). These peaks coincided with those of LT serpentine,
indicating that serpentine mineral exists not only as veins but also inclusions.
3.2.3. LT serpentine + H, + CH4 inclusion
There were inclusions exhibiting peaks of Raman spectra at 2911cm™ and ~3060-3070cm’’,
which were coincided with those of CH4 (Fig. 2e). These peaks were detected in 11 inclusions in 5
samples (4 in D17-5, 1 in D19-14, 4 in D19-31, 1 in D19-46 and 1 in D19-8; Table 2). There were no
inclusions of CHs only, and they coexisted with H, and/or LT serpentine mineral.
3.2.4. LT serpentine + CHy4 + C (graphite) inclusion
4 inclusions in 2 samples (3 in D19-31 and 1 in D19-46; Table 2) showed peaks of Raman spectra
at 1348, 1580, 2698cm™ and 3242cm™, indicating the existence of C (graphite) other than LT
serpentine mineral and CH,4 (Fig. 2f). Both inclusions contained not only graphite, but also CH4 and/or

LT serpentine mineral.

4. DISCUSSION

4.1. Compositions of the inclusions

The compositions of inclusions are: (1) Ha, (2) LT serpentine, (3) LT serpentine + H,, (4) LT
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serpentine + CHa, (5) LT serpentine + CHs4 + H» and (6) LT serpentine + CH4 + C (graphite). There
were inclusions containing only H» or LT serpentine, while CHs and graphite coexisted with H, and/or
LT serpentine.
4.1.1. H; + CH4 inclusion

H, and CH4 were detected in 12 and 11 of 43 inclusions, respectively. Furthermore, there were 4
inclusions containing both H, and CH4 (Table 2). It is known that H» is generated when olivine reacts
with water to form serpentine minerals (reaction (1); e.g., Proskurowski et al., 2008):

9IMg,Si04 + 3Fe2Si04 + 14H,0 = 6Mg3Si>0s(OH)s + 2Fe304 + 2H> (1)
olivine lizardite magnetite

Additionally, CHs4 is generated by next reactions: (2) reduction of CO> or (3) olivine, water and CO»

(e.g. Kelley et al., 2001; Friuh-Green et al., 2003; Song et al., 2009):

CO; + 4H, = CH4 + 2H,0 2)
24Fe;S104 + 26H,0 + CO; = 12Fe3S1205(OH)4 + 4Fe304 + CHy 3)
fayalite lizardite magnetite

Reactions (1) and (3) of serpentinization with occurrence of H, and CHj4 are consistent with their
coexistence in inclusions.
4.1.2. Graphite inclusion
There were also a few inclusions including graphite. Graphite is generated by next reactions: (4)
CO; and CHy, or (5) olivine, water and CO> (Kelley, 1996):
CO,+CH4=2C+2H,0 4)

27MngiO4 + 9 FezSi04 + 38H,0 + 2C0O;, = 6FezO4 + 18Mg3Si205(OH)4

olivine magnetite lizardite
+CHs+C (5)
graphite

The reactions (2)~(5) involve CO; consumed to generate CH4 and graphite. Lack of CO; is thought to
be due to the consumption in the occurrence of CH4 and graphite. Furthermore, CO; and a part of

generated CHs may have been consumed by the formation of graphite.
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4.2. Formation of inclusions
4.2.1. How to crack olivine?

Planar structures of inclusions in coarse olivine grains (Fig. 1). Similar textures have been
observed within olivine in peridotites obtained from Oman ophiolite (Miura et al., 2011), Gakkel
Ridge, Mid-Atlantic Ridge, Mariana Forearc and East Pacific Rise (Klein et al., 2019) other than
SWIR. These planar structures require crack opening to be formed. There are several discussions
presented for crack opening mechanisms, the main theories are (1) hydro fracturing due to high fluid
pressure (e.g., Précigout et al., 2017) and (2) temporal increase in differential stress and strain rate due
to seismicity (e.g., Klein et al., 2019; Kohli and Warren, 2020).

Précigout et al. (2017) found cracked spinel grain filled with amphibole and olivine in peridotitic
mylonite and concluded that the cracks had been formed by high fluid pressure based on the mechanics
of hydoraulic fracturing (Hubbert and Willis, 1957). One of their spinel cracks is filled with amphibole,
while the others are filled with olivine. If fluid pressure really cracked spinel, fluid pressure should
have been high around the spinel grain, and other cracks also should have been filled with some
hydrous mineral, not olivine. Even if the fluid pressure is high, it appears to be easier for fluid to go
through grain boundaries where the material boundaries providing paths than crack and go into mineral
grains. Moreover, magnitude of fluid pressure needed to open crack and brittle strength of peridoditic
minerals like olivine and spinel have not been provided. The Hubbert and Willis’ theory explains crack
direction related to principal stress and fluid pressure needed to open cracks in rocks, and not for
mineral grain themselves. Therefore, it is not clear that fluid pressure achievable in the upper mantle
environment can indeed crack minerals. As a matter of fact, the theory that fluid pressure cracks
minerals is not sufficiently verified.

Temporal increments of differential stress and strain rate by seismic activities can explain how to
crack minerals (Klein et al., 2019; Kohli and Warren, 2020). It is known that rocks including mantle
peridotite undergo ductile deformation at low strain rate under high temperature, however, transition
to brittle deformation at high strain rate even in the plastic regime. Chatzaras et al., 2020 found fine-
grained microdeformation zones between coarse grains and concluded that the microdeformation

zones had been formed by brittle failure and rupture propagation downward to the upper mantle during
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coseismic event or early postseismic term. Critical strain rate €. at which transition from ductile to

brittle deformation occurs is provided by Ohuchi et al. (2018):

. hpC,kRT?
A TE

where, / is the work hardening coefficient (=1), p is density (=3.4 g/cms3), C, is the specific heat (=817
J/kg*K), « is thermal diffusivity (=0.7 mm?/s), H" is the activation enthalpy for deformation (H =554
kJ/mol) and L is the size of the sample (grain size in this study for brittle strength of olivine; ~several
millimeter). The diameters of grains which containing inclusions ranged from hundreds of
micrometers to several millimeters, so that the values of obtained differential stress were ~2-40 MPa
based on the piezometer of Van der Wal et al. (1993). At brittle-ductile transition temperature around
~600 °C, €. is ~10%-10" s (Fig. 3). The expected strain rate at the moment of earthquake is ~1072-
10' s (Kelemen and Hirth, 2007), thus olivine grain can be cracked by temporal increase in strain
rate. As a result, planar structure of inclusions is remained in the host mineral. Yet, seismic activities
along transform faults are limited within the areas of <600 °C and rapture propagation is canceled by
viscous relaxation, this mechanism appears to work only near brittle-ductile transition zone.

Another possible mechanism is Stroh crack mechanism (Stroh, 1954). This mechanism explains
crack opening by stress concentration around an obstacle and dense dislocations. If there is an obstacle
on the dislocation slip plane, dislocations get stuck and dislocation pile-up occurs around obstacle.
Then stress concentrates because dislocation cannot move and deformation is prevented locally.
Finally, minerals are crack when they can no longer withstand the concentrated stress. This
phenomenon has been observed experimentally in metals (e.g., Tamayo-Meza et al., 2010) and
minerals (Gaboriaud et al., 1981 for olivine; Hirth and Tullis, 1994 for quartz; Tullis and Yund, 1987
for feldspar). Especially, Gaboriaud et al. (1981) conducted a series of deformation experiment under
the temperature of 20-900 °C, resulting in the formation of cracks within olivine under all temperature
conditions. They found that the samples deformed under >600 °C exhibited numerous dislocations
around cracks, whereas the samples deformed under <600 °C exhibited no relationship between the
formation of cracks and dislocation slip, and concluded that crack opening in ductile regime and

brittle-ductile transition were affected by the mobility of dislocation. Figure. 4 shows the formation of
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inclusions by this mechanism. Stroh crack mechanism needs dislocation mobility and obstacles, and
do not depend on stress and strain rate, and dislocation slip can be prevented by impurities, other
dislocation when dislocation density is high, grain boundary or inclusion. Based on the necessity of
dislocation slip, this mechanism can work under the temperature conditions of >600 °C.

4.2.2. Formation temperature of olivine inclusions

Klein et al. (2019) found fluid inclusions in peridotites derived from SWIR and proposed that
water trapped as inclusions in olivine grains above ~400 °C generates CHa, H» and serpentine below
~340 °C. Kohli and Warren (2020) observed planar structures of olivine-hosted fluid inclusions, and
suggested that these planar structures of fluid inclusions had been formed by formation and recovery
of cracks in olivine grain by temporary change in differential stress due to earthquakes, and
earthquakes along the transform faults occur brittle area below the temperature of 600 °C (e.g.,
Abercrombie and Ekstrom, 2001; Roland et al., 2010).

In this study, planar structures of the inclusions within olivine grains were observed in coarse
olivine grains of the tectonites, which were similar to those observed by Kohli and Warren (2020),
while there were few inclusions in fine-grained matrix of the tectonites and the ultramylonites. Grain
sizes of olivine in matrix are finer than inclusions especially in the ultramylonites, therefore inclusions
in these fine olivine grains seem to have lost by deformation and accompanying grain size reduction.
Although LT serpentine existed as inclusions encapsulated with olivine and did not exist as veins. If
water infiltrated into cracks of olivine below the temperature of 350 °C, which is the stable condition
of LT serpentine, serpentine veins should have been occurred instead of inclusions, so that water
appears to have been trapped into olivine cracks at higher temperature than 350 °C, then formed
serpentine inclusions. Yet, formation of olivine cracks requires brittle to semi-brittle deformation. The
temperature of brittle-ductile transition zone is ~600 °C, which is the lower limit of ductile deformation

of olivine. Thus, water seems to have been entrained in olivine grains lower than 600 °C.

4.3. Water infiltration along the transform fault and the formation of olivine inclusions
Most inclusions contained low-temperature serpentine. These serpentine inclusions were

contained in also the peridotites in which amphiboles were observed in Partl study. Additionally, H»
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and CHy are also generated in relation to serpentinization, thus water in require for their occurrence
based on the reaction (1) to (3). This suggests that water infiltrated to the depth where the temperature
is up to ~800 °C, and trapped in olivine grains as inclusions. LT serpentine minerals are stable under
~350 °C, thus water in inclusions seems to have reacted with host olivine to form LT serpentine
inclusions. Based on the above, not only the existence on hydrous minerals and olivine CPOs formed
under hydrous conditions but also the occurrence of hydrous inclusions can be an evidence of water
infiltration along the transform fault. The water that had infiltrated into shallow upper mantle where
the temperature is up to ~800 °C was trapped within olivine grains as inclusions, and (1)
serpentinization had occurred under ~350 °C, (2) H> and CH4 had been generated. Furthermore, (3) a

part of generated CH4 was consumed to form graphite (Fig. 5).

5. CONCLUSIONS

I analyzed 43 inclusions in 11 peridotites derived from Marion transform fault, SWIR. Coarse
olivine grains in the tectonites contained numerous inclusions with rounded, planar and irregular
shapes whose sizes were up to ~15 um. The inclusions were continuously distributed to form planar
structures. These inclusions consisted of LT serpentine, H> and coexisting CH4 and graphite. Olivine
is weaker and deforms easier than pyroxenes under low temperature condition assumed for the Marion
transform fault, therefore inclusions appear to have been formed preferentially in olivine grain. Based
on the lack of serpentine veins and brittle to semi-brittle features, it is suggested that the range of
formation temperature of inclusions is 350 to 600 °C. LT serpentine inclusions in the peridotites with
amphiboles suggests that water infiltrated to the depth where the temperature is up to ~800 °C, and
reacted with host olivine to form LT serpentine under ~350 °C. Consequently, in addition to occurrence
of hydrous minerals and CPOs of olivine, the hydrous inclusions indicates that water infiltrated into

upper mantle from the transform fault.
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Figure 1. Optical photomicrographs of olivine-hosted inclusions. Red arrows in (a) show location of

inclusions. Abbreviation: Ol = olivine
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Figure 2. Peaks of Raman spectra of olivine-hosted inclusions. Abbreviations: Srp = serpentine, H, =

hydrogen, CHs = methane, C = graphite
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Figure 4. Formation of inclusions by Stroh crack mechanism (Stroh, 1954). An obstacle on the slip
plane prevents dislocations from slipping and causes dislocation pile-up. Then, stress is concentrated
around the obstacle and dislocation pile-up, resulting in the crack opening. Water goes into cracks and

is trapped by healing of the cracks. Finally, planar structure of inclusions is formed.
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Transform fault

Figure 5. Model of water infiltration and formation of olivine-hosted inclusions along the transform
fault. Water infiltrates into shallow part of upper mantle where the temperature in up to ~800 °C and
trapped as inclusions in olivine grains. After the temperature dropped, serpentinization occurs and Ha,
CH; and C are generated by reducing of CO, from seawater. Abbreviations: Srp = serpentine, H, =

hydrogen, CHs = methane, CO; = carbon dioxide
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Table 1. Sampling sites of the peridotites.

Dr Sample Number  Lat Lon Depth (m) Texture Location
17 5 46378 33.508 £330 Heterogeneous 'West Wall of
texture Marion Transform fault
19 ) 46507 33.832 3900 Heterogeneous . East Wall of
texture Marion Transform fault
19 5 46507 33.832 3900 Heterogeneous . East Wall of
texture Marion Transform fault
19 1 46507 33.832 3900 Heterogeneous . East Wall of
texture Marion Transform fault
19 14 46507 33832 3900 | leterogeneous East Wallof
texture Marion Transform fault
19 2 46507 33.832 3000  icterogeneous East Wallof
texture Marion Transform fault
. East Wall of
19 28 -46.507 33.832 3900 Ultramylonite Marion Transform fault
. East Wall of
19 31 -46.507 33.832 3900 Ultramylonite Marion Transform fault
. East Wall of
19 46 -46.507 33.832 3900 Ultramylonite Marion Transform fault
19 %5 46507 33.832 3900 Heterogeneous . East Wall of
texture Marion Transform fault
Het East Wall of
19 86 46507 33.832 3900 o o OBCHEOUS (pastwaro
texture Marion Transform fault
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Table 2. Numbers of analysis and compositions of olivine-hosted inclusions. Numbers of Srp, H», CH4
and C are internal numbers. Abbreviations: Stp = serpentine, Hy = hydrogen, CHs = methane
Sample No. of Analysis Stp H, CH, C (graphite)
D17-5 4 0

D19-2
D19-5
D19-11
D19-14
D19-22
D19-28
D19-31
D19-46
D19-85
D19-86
Total

<N A =) N NN PR W= =R WD
AN N e =) TN R S U0 B S e N SN
A —_- O O O O W = = O DN

0
0
0
1
0
0
4
1
0
1

Ao O = LW O © O O O O

11
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