Hiroshima University,
Graduate School of Advanced Science and Engineering,
Earth and Planetary Systems Science Program

Effect of water-saturated cracks on seismic velocity
and transport properties of oceanic crust

by

Yuya Akamatsu

A thesis for the degree of Doctor of Philosophy

February 2023



ii



Abstract

Geophysical observations, such as seismic and electromagnetic surveys, have revealed that
the presence of pore water is closely related to many geodynamic processes at various tectonic
settings of the oceanic lithosphere. To quantitatively interpret those geophysical data and
understand the subsurface fluid behavior, knowledge of cracks, which act as a fluid pathway
and storage in the oceanic crust, is essential in the context of their geometry, distribution,
and scale. This thesis provides experimental and theoretical constraints on the effects of
microscopic and macroscopic water-saturated cracks on the geophysical properties of the
oceanic crust based on comprehensive laboratory measurements and data analyses using core

samples from the Oman Drilling Project.

Electrical resistivity and P- and S-wave velocities were measured under dry and water-
saturated conditions for discrete cubic samples recovered from the Oman Drilling Project
Hole GT3A. The experimental results reveal that electrical resistivity and elastic wave
velocities are differently correlated with porosity. Performing joint inversion of the measured
electrical and elastic properties combining an effective medium model and a statistical crack
percolation model, the variations in electrical and elastic properties can be quantitatively
related to the crack microstructural parameters: crack density and aspect ratio, as well as
connectivity of cracks evaluated from crack density. Those data suggest that the oceanic

crust can have wide ranges of abundance and geometry of microcrack.

To further understand the spatial distribution of microcracks in the oceanic crust, analyses of
the continuous P-wave velocity structure measured by onboard whole-round Multi-Scanner
Core Logger (MSCL-W) data for Hole GT3A were conducted. The representative elementary
volume (i.e., REV), which is defined as a unit volume at which the physical properties become
uniform, was estimated by calculating average P-wave velocities with increasing the window

length. The results demonstrate that the scale of heterogeneity of microcrack structure in the



oceanic crust can be on the order of a few meters. This suggests that the pore pressure within
the REV scale, caused by the seismic wave loading, is not able to reach an equilibrium state,
which means the elastic moduli that are derived from the seismic velocity measurements can

represent an unrelaxed state, which is different from the conventional assumptions.

As well as microcracks, there should be large-scale fractures in the oceanic crust, which
potentially affect macroscopic geophysical properties. To assess the fracture porosity and
permeability of the oceanic crust, X-ray CT images of the core sections collected from the
GT sites of the Oman Drilling Project were used for analysis. The spatial distributions and
geometry of macroscopic vein minerals, which can be considered to reflect the paleo-porosity
structure in terms of macroscopic fractures, were quantified. The results show that despite
having low paleo-porosity of ~0.1%, the oceanic crust can have significantly large paleo-
permeability ranging from 10 m? to 10"'® m2. This highlights the importance of taking
the effect of macroscopic fractures on transport properties into account when interpreting

geophysical data.

Finally, an upscaled geophysical property model is developed based on the characteristics of
pore structure in the oceanic crust inferred from the data presented in the above studies.
The upscaled model implies that the microcracks and fractures may have different impacts
on the seismic and transport properties of the oceanic crust. The findings of this thesis can
provide new insights that aid the quantitative interpretation of geophysical data from the in

situ oceanic crust.
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Chapter 1

Introduction

1.1 Background and motivation

1.1.1 Water in the oceanic crust

The transport of water through the pore spaces in the oceanic crust is linked to several
geoscientific processes near the Earth’s surface. Close to mid-ocean ridges with a relatively-
fast spreading rate, normal faulting associated with the ridge spreading can cause extensional
fractures, which in turn lead to fluid circulation that acts as a heat and chemical carrier
(Miiller & Dutkiewicz, 2018; Stein & Stein, 1994). Pore water in the lithosphere can also
become a candidate biosphere, which is considered to be a key to understanding the microbial
habitability (Suzuki et al., 2020; Takai et al., 2008). The water stored in subducting plates
can be supplied to the plate boundary and wedge mantle as subduction progresses. Pore
water can also affect the mechanical and rheological properties of rock and has been linked
to seismic activity (Saffer & Tobin, 2011; Warren-Smith et al., 2019). To understand the role
of the pore water in these processes, it is essential to quantify the amount and dimension of

the pore space in the oceanic crust.

Pore water can also alter rock’s physical properties, including elastic wave velocity, electrical
resistivity, and permeability (Guéguen & Palciauskas, 1994). Therefore, geophysical obser-
vations such as seismic and electromagnetic surveys have been used to indirectly infer the
presence and distribution of subsurface water in the oceanic lithosphere (Chesley et al., 2019;
Detrick et al., 1994; Fujie et al., 2013; Naif et al., 2015). Advancements in the observation

methods and the analytical techniques have led to the availability of more detailed and
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1.1. BACKGROUND AND MOTIVATION
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Figure 1.1 Schematic illustrations of hydration and dehydration of the oceanic crust.

comprehensive geophysical data, which provides insights into a more complete and accurate
understanding of the geodynamic processes presented above. Meanwhile, to quantitatively
extract the fluid behavior from these geophysical data and assess its role in the oceanic crust,
it is still essential to know the fundamental relationship between the pore water and physical
properties of oceanic crustal rocks. In this context, a number of laboratory measurements
have been performed to explore the relationships between pore water and elastic wave velocity
(Birch, 1961; Carlson & Miller, 2004; Christensen, 1984; Hatakeyama et al., 2021), electrical
resistivity (Einaudi et al., 2005; Tldefonse et al., 2009; Pezard, 1990; Violay et al., 2010), and
permeability (Brett-Adams et al., 2021; Christensen & Ramananantoandro, 1988; Gilbert &
Bona, 2016) of oceanic crustal rocks. Thanks to these pioneering works, the knowledge of
the physical properties of the oceanic crustal rocks has been clarified from the experimental
point of view. However, those experimental results obviously indicate the effect of pore water
at the laboratory scale (i.e., saturated microcracks and equant pores), whereas the actual
geophysical data can reflect a macroscopic pore structure at a much larger scale. Although it
has been implicitly assumed that the microscopic pore structure observed in the laboratory
samples can be extrapolated to in situ macroscopic scale (i.e., homogenization), the natural
lithospheric system possibly include heterogeneous and multi-scale porosities structures. In

such a situation, the results of in situ scale geophysical data can contain both the impacts of
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1.1. BACKGROUND AND MOTIVATION

large-scale pore structures that cannot be taken into consideration in the laboratory. Indeed,
recent studies combining laboratory- and field-scale acoustic measurements demonstrate a
decrease in P-wave velocity with scale (Bailly et al., 2019; Matonti et al., 2015). This is
a result of the increase in wavelength leading to the incorporation of a greater abundance
of additional pore structures. Seismic measurements typically employ low-frequency (1-10
Hz) waves, which have long enough wavelengths to observe the effects of both large-scale
cracks (i.e., fractures) and small-scale cracks. In addition, direct measurements of crustal
permeability using boreholes at the seafloor have revealed that the upper parts of the young
oceanic crust can have a bulk permeability several orders of magnitude larger than that
measured in the laboratory (Fisher, 1998). This indicates that a principle similar to the
upscaled seismic velocity may hold true for the transport properties, such as electrical
resistivity and permeability (Guéguen et al., 1996). Given these lines of evidence, it is crucial
to account for the porosity of both microcracks and fractures when quantitatively assessing

the impact of pore water on the seismic and transport properties of the oceanic crust.

1.1.2 The Oman Drilling Project

To investigate the influence of porosity on the macroscopic physical and transport properties,
it is preferable to comprehensively investigate rock samples at various scales. However,
because of the difficulty of deep seafloor drilling and sampling, the sample recovery from the
seafloor has been limited to the upper parts of the crust (Michibayashi et al., 2019). Although
some International Ocean Drilling Program (i.e., IODP) expeditions recovered samples from
the uppermost parts of the plutonic sequence of the oceanic crust (i.e., sheeted dike and
gabbroic layers), the recovery of the core samples was incomplete (Teagle et al., 2006).
Therefore, comprehensive investigations of oceanic crustal materials have been insufficient,

and the pore structure and its spatial heterogeneity at the macoscopic scale are poorly known.

Ophiolites, which are fragments of ancient oceanic lithosphere that have been tectonically
obducted onto continental margins, can provide us with opportunities to collect and observe
rocks originating from the oceanic crust. The Samail ophiolite is the most extensive and well-
exposed cross-section of the oceanic lithosphere (Nicolas et al., 2000), which exposes complete
sections of sediments, pillow lavas, and mantle peridotite. Although many researchers have
revealed the detailed geological structure and measured the physical properties of the surface
outcrops, the information is limited to data from the limited number of outcrops and hand
samples. Also, the surface environment is exposed to weathering and erosion, and their

initial state is not always maintained. To reach a better understanding of the nature of
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the subsurface hydrothermal processes preserved in the Samail ophiolite, continuous cores
through the crustal section to the mantle section of the ophiolite was successfully sampled
during the Oman Drilling Project of the International Continental Drilling Program (ICDP).
The core samples were recovered from nine holes with a recovery rate of ~100% (Kelemen et
al., 2020a). Using these core samples, we can comprehensively investigate the relationship
between the pore structure and the physical and transport properties of the rocks that made

up the actual oceanic crust.

1.2 Aim and objectives

This thesis aims to develop a new model to predict macropscopic geophysical properties of
the oceanic crust that takes into account the effets of both microcracks and fractures, which
might aid in improving the interpretation of geophysical data. The aim will be achieved

through the following objectives using the core samples from the Oman Drilling Project:

1. to investigate the fundamental relationship among elastic wave velocity, electrical
resistivity, and porosity by conducting laboratory measurements on elastic and electrical
properties of cubic samples (~8 mm?) collected by the Oman Drilling Project. The core
samples show a wide range of porosity, suitable for asses the variations in the crack
characteristics and the physical properties. The models linking those parameters via
crack microstructural parameters were investigated.

2. to investigate the effect of relatively large-scale fractures on transport properties of the
oceanic crust by obtaining the spatial distribution and abundance of vein minerals in
the drilled cores of the Oman Drilling Project, which can be considered as fossilized
fractures. The geometric information of those veins was combined with fracture fluid
flow models to estimate the large-scale permeability. The estimated permeability can
be used to discuss the effects of large-scale fluid flow on geophysical properties, in
particular for seismic velocity.

3. to examine how those cracks and fractures are distributed in the oceanic crust. Although
a number of previous studies implicitly assumed that homogeneous crack distribution
can occur in the natural systems as observed for the laboratory samples, the damage
itself may be heterogeneous, which substantially affects the interpretation of large-scale
geophysical properties. The heterogeneity of cracks and fractures was evaluated using
downhole variations in crack density and fracture porosity determined for the crustal

sections of the Oman Drilling Project.
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1.3. THESIS STRUCTURE

4. to develop new models that account for the effects of cracks and fractures on the in situ

scale geophysical properties of the oceanic crust based on the datasets of crack/fracture.

1.3 Thesis structure

Chapter 2 describes laboratory physical property measurements performed on mini-cube
samples to investigate the effect of microscopic cracks on the physical properties of oceanic
crustal rocks collected from Hole GT3A of the Oman Drilling Project. To provide a
quantitative assessment of crack geometry and connectivity, the relationship between elastic
wave velocity and electrical resistivity is investigated by combining existing theoretical models.
The combined model is then applied to the borehole logging data, which reflects a relatively
large scale structure, leading to quantitative assessment of crack characteristics of in situ
oceanic crust and highlighting the difference between those of the ophiolite and actual oceanic

crust.

Chapter 3 examines the heterogeneity of crack distribution of Hole GT3A. Ultrasonic velocities
that were measured continuously by the whole-round multi-scanner core logger (MSCL-W)
during the shipboard description campaign of the Oman Drilling Project are utilized to assess
the downhole distribution of crack density. The results show that the crack distribution can
be heterogeneous at a larger scale, although it is homogeneous at the laboratory sample scale.
Based on the results, the appropriate choice of the theoretical model to predict/interpret

seismic velocity is discussed.

Chapter 4 presents the potential role of large-scale fractures on the transport properties of
the oceanic crust. Vein minerals preserved in the drilled cores from the GT site (crustal
sections) of the Oman Drilling Project are identified using X-ray Computed Tomography
(XCT) images of the core sections, and their geometric information is applied to fracture
fluid flow models to estimate the paleo-permeability structure of the oceanic crust. The
estimated permeability is several orders of magnitude larger than that measured by laboratory
experiments, indicating the importance of large-scale fractures on fluid circulation in the
oceanic crust. Depending on the CT number of the vein-filling minerals, the veins show
different spatial distributions and anisotropies of paleo-permeability, suggesting that the

oceanic crust has undergone multi-stage fracturing and fluid flow.

Chapter 5 attempts to develop a new geophysical model that includes the effects of both cracks

and fractures by incorporating the characteristics of cracks and fractures determined in the
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previous chapters. Finally, the main findings and conclusions of this thesis are summarized.
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Chapter 2

Cross-property relationship
between electrical resistivity and
elastic wave velocity of oceanic
crustal rocks

2.1 Introduction

Cracks play a key role in subsurface processes in oceanic plates, including fluid transportation,
chemical and heat exchange, and microbial activity (e.g., Fisher, 1998; Furnes et al., 2001;
Stein & Stein, 1994). Cracks also have a substantial influence on rocks physical properties,
such as seismic velocity, electrical and thermal conductivities, and permeability (Guéguen &
Palciauskas, 1994). Therefore, geophysical observations have been conducted to explore pore
structure and fluid behavior in the oceanic crust (e.g., Chesley et al., 2019; Detrick et al.,
1994; Shearer, 1988). To quantitatively interpret geophysical data from such investigations
and to evaluate the characteristics of pores and fluids, laboratory studies on relationship

between physical properties and porosity are essential.

Electrical resistivity (i.e., the inverse of conductivity) at crustal depths is controlled mainly
by fluid saturation of the pore network in rock. Therefore, the electrical properties of fluid-
saturated rocks can provide valuable insights into subsurface fluid flow. The influence of pore
structure on electrical conductivity has been investigated for porous rocks such as sandstones,
primarily for engineering purposes (e.g., Cai et al., 2017; Pimienta et al., 2019). A number of
previous studies have used Archie’s law—which is an empirical relationship between electrical

properties and porosity proposed by Archie (1942)—to relate the electrical conductivity to
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2.1. INTRODUCTION

the microstructure of the pore spaces (Guéguen & Palciauskas, 1994). Archie’s law is valid
for various rock types, including plutonic rocks such as granite and gabbro, and has been
modified to include the effects of variable components (Glover et al., 2000; Glover, 2010).
However, although Archie’s law provides first-order information about the geometry of the
pore network, it is difficult to quantitatively characterize the geometry and dimension of the

pore spaces.

The elastic wave velocity (i.e., seismic velocity) of rocks is also dependent on porosity, as the
elasticity of rock is highly sensitive to the presence of void spaces, such as cracks. According
to the effective medium theory, which predicts the effective elastic moduli of cracked rocks,
changes in elastic wave velocity can be attributed principally to crack density, crack geometry,
and fluid properties (e.g., Guéguen & Kachanov, 2011; Kachanov, 1994; Kuster & Toksoz,
1974; O’Connell & Budiansky, 1974). Therefore, applying such theoretical models to the
seismic properties of oceanic rocks can assist in the evaluation of the distribution and

geometry of cracks and fluids in the oceanic crust (e.g., Shearer, 1988).

Electrical and seismic data are often interpreted independently by different parameters that
describe the microstructures of pore space. However, because both electrical and elastic
properties are influenced by cracks and fluids, linking these properties to joint microstructural
parameters could provide valuable information about subsurface pore structure and fluid
behavior (e.g., Carcione et al., 2007; Cilli & Chapman, 2021; Han, 2018; Iwamori et al.,
2021; Pride et al., 2017). Although several studies have reported data for the electrical
resistivity and elastic wave velocity of oceanic rock collected from various tectonic settings
(e.g., Einaudi et al., 2000, 2005; Ildefonse & Pezard, 2001; Karato, 1983; Violay et al., 2010),
little work has been performed to relate these properties of the oceanic crust to parameters

describing pore structures (e.g., Evans, 1994).

Upon comparison with lithologies of ophiolites, which is interpreted as fragments of ancient
oceanic lithosphere that have been tectonically emplaced on continental margins, the igneous
oceanic crust formed at fast-spreading ridges is thought to be comprised typically of pillow
lavas, sheeted dike complex, and gabbros (Figure 2.1a). Recently, [the International Continen-
tal Drilling Program (i.e., ICDP) Oman Drilling Project sampled continuous cores comprising
the crustal section to the mantle section of the Oman ophiolite (Figure 2.1b), which is one of
the best examples of the paleo-oceanic lithosphere in the world, with a recovery rate of ~100%.
The recovered cores were systematically described and analyzed onboard in the laboratory

of drilling vessel Chikyu, with preliminary data, including fundamental physical properties,
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having been reported recently (Kelemen et al., 2020a). Recent studies have investigated the
roles of pore space in the oceanic lithosphere using physical property data obtained onboard,
such as electrical resistivity and elastic wave velocity (Katayama et al., 2020, 2021). However,
although P-wave velocity (Vp) passing through the core samples was obtained during the
shipboard measurements, S-wave velocity (Vs) was not measured because of the lack of a
measurement system, despite the fact that a combination of P- and S-wave velocities can give
information about crack geometry and fluid contribution. In addition, electrical resistivity
was not measured for discrete samples from GT sites, which cover the crustal section of the

Oman ophiolite.

In this study, to constrain the geophysical properties and pore structures of oceanic crust,
we measured electrical resistivity and elastic wave velocities (P- and S-wave velocities) of
mafic rock samples collected from Oman Drilling Project Hole GT3A. Hole GT3A was drilled
through the transition zone from the sheeted dike complex to the underlying gabbro of
the Oman ophiolite, which corresponds to the boundary between upper and lower oceanic
crusts. We first present the conventional interpretations of the measured electrical resistivity
while comparing them with previous studies. Then, we newly proposed the cross-property
relationship between electrical and elastic properties that combines an effective medium model
by Kachanov (1994) and a statistical crack fluid flow model by Guéguen & Dienes (1989)
with percolation theory, and attempted quantitative interpretations of the laboratory data by
performing joint inversion. Finally, we apply this cross-property relationship to geophysical
data obtained by borehole logging measurements at International Oceanic Drilling Program
(i.e., IODP) Hole 1256D, which drilled entire upper oceanic crust formed at fast-spreading
ridge, as a basis for examining the nature of cracks and the effect of in situ conditions in the

oceanic crust.

2.2 Method

2.2.1 Core samples

The Oman Drilling Project obtained continuous core samples from the upper oceanic crust
to the uppermost mantle in the Oman ophiolite, with a recovery rate of ~100% (Kelemen
et al., 2020a). Hole GT3A continuously sampled the transition zone from the sheeted dike
to the underlying gabbro of the crustal sections of the Oman ophiolite. The drillhole is
divided into four lithologic sequences on the basis of the occurrence of gabbro in the core

(Figure 2.1¢): Upper Dike Sequence (Sequence I); Upper Gabbro Sequence (Sequence IT);
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2.2. METHOD

Lower Dike Sequence (Sequence III); and Lower Gabbro Sequence (Sequence IV). Shipboard
descriptions of thin sections have shown that all core samples of Hole GT3A are partly or

highly altered due to hydrothermal activity (Kelemen et al., 2020d).

(a) (b) (c) Hole GT3A
Lithology Sequence

I Sediments
N . 24°00"
q 58 00' — Lavas
W City/Town [ Gabbros & extrusives
+ © OmanDP drill sitt @ Peridotites 50 1
B Metamorphic sole Sheeted
[ Hawasina formation Dikes

100
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=]
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Figure 2.1 (a) Geological map of the southeastern massif of the Samail ophiolite (after
Nicolas et al., 2000) showing the drill site locations of the Oman Drilling Project, including
Hole GT3A. The colored units are the ophiolite sequence. The inset shows a map of the
Arabian Peninsula, in which the location of the main figure is indicated by the red box.
(b) Simplified stratigraphy of the Oman ophiolite. Hole GT3A corresponds to the sheeted
dike-gabbro transition zone. (c) Borehole stratigraphy of Hole GT3A. Hole GT3A is divided
into four lithologic sequences on the basis of the occurrence of gabbro: Upper Dike Sequence
(I); Upper Gabbro Sequence (II); Lower Dike Sequence (III); and Lower Gabbro Sequence
(IV).

The recovered core samples were systematically described and analyzed onboard D/V Chikyu.
Discrete cubic samples (~2 cm x 2 cm X 2 cm) were taken from each core section, in which
the x and y directions of the cubes were perpendicular and parallel to the split surface of the
working halves, respectively, and the z direction was the down-hole axis. For the discrete
samples from GT sites, fundamental physical properties such as bulk porosity, bulk/grain
density, and P-wave velocity were measured. The mass and the volume of the solid phase of
the samples were measured using the dual balance system and gas pycnometer, respectively,
and the samples were vacuum saturated for >24 h in water based on the IODP protocols.
Then, porosity and density were determined from the difference between dry and wet masses

and the solid volume (for details, see Kelemen et al., 2020a).

To understand the relationship between physical properties and crack characteristics in more

detail, information on S-wave velocity and electrical properties is required. In this study,

16



2.2. METHOD

we conducted additional laboratory measurements of P- and S-wave velocities and electrical
resistivity on a series of 94 cubic samples, as described below. The samples were selected to
cover the wide variation in lithology and porosity of the core from Hole GT3A. The samples
comprise mainly basalt, diabase, and gabbro (Figure 2.2). These samples are composed
mainly of plagioclase and pyroxene, which are partly or completely replaced by secondary
minerals such as amphibole and epidote. Basalt and diabase show intergranular texture but
different matrix grain size, in which basalt is microcrystalline (<0.2 mm) and diabase is
microcrystalline to fine grained (<1 mm; Figure 2.2a and c). Gabbroic rocks show variable
textures, such as subophitic granular texture, and are mostly medium-grained (>1 mm;
Figure 2.2b and d). A few gabbro samples contain minor amounts of oxide minerals and are
classified as oxide gabbro (Figure 2.2d). More detailed descriptions of the igneous petrology
and microstructural observations of the samples from Hole GT3A have been reported by

Kelemen et al. (2020d).

(a) 3322, Diabase (z=55.98 m) (b) 5523, Gabbro (z=117.34 m)

1 mm 1 mm

(c) 6823, Basalt (z=154.29 m) (d) 10122, Oxide gabbro (z=252.56 m)

1 mm

Figure 2.2 Representative 2D slices taken from X-ray pCT images of four samples. (a)
3372-60-62 cm (z = 55.98 m), fine-grained diabase. (b) 55Z3-54-56 cm (z = 117.34 m),
medium grained gabbro. (c¢) 68Z3-67-69 cm (z = 154.29 m), microcrystalline basalt. (d)
101Z2-49-51 cm (z = 252.56 m), gabbro containing small amounts of oxide minerals (colored
white).
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2.2. METHOD

2.2.2 Electrical properties

In a rock comprising an electrically insulating matrix and a connected pore space saturated
with a conductive fluid, the electrical conductivity is controlled predominantly by electrolytic
conduction by the fluid in the pore network. In the presence of clay minerals, a surface
conduction mechanism should be taken into account. Surface conduction is caused by the
presence of charges along the pore surface and is related to hydrothermal alteration through
the cation exchange capacity of clay minerals (Waxman & Smits, 1968). Then, the total
conductivity of a porous rock o can be expressed as
Ofluid

o=—7 + os, (2.1)

where oguiq is the conductivity of the pore fluid, F' is the formation factor, and og is the
surface conductivity (Waxman & Smits, 1968). Formation factor represents the contribution
of the conductivity due to the pore space to the bulk conductivity and has been considered
to reflect the 3D topology of the pore space (e.g., Ildefonse & Pezard, 2001; Violay et al.,
2010). Because Equation 2.1 tends to overestimate the surface conductivity at low fluid
salinity, Revil & Glover (1998) proposed a non-empirical statistical approach based on the

pore space microgeometry as

2
_ Ofluid |, f s ¢ ¢ 4F¢

o= Tt iyt Per gl o [1- v [(1- ) +o || )
(+) (+) (+)

where t{ +) is the Hittorf number of cations in the electrolyte that characterizes the mobility

of ions. The dimensionless parameter ¢ is defined by Kan & Sen (1987) as

£=—2 (2.3)

Ofluid

Table 2.1 Properties of brine used for electrical measurements

Salinity (g/L)  0.035 035 35 35 70

Resistivity (Qm) 50 14.71 159 0.18 0.1

To characterize the electrolytic and surface conduction components of each sample, we

performed a series of electrical resistivity (conductivity) measurements on the samples
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2.2. METHOD

saturated with five different salinities of NaCl solutions ranging from ~0.035 to ~70 g/,
in a similar way to the IODP protocols (Table 2.1). The measured data for each sample
were then fit by Equation 2.2, using a least-square inversion method to extract the intrinsic
formation factor F' and the surface conductivity og with t{ +) of 0.38 for NaCl solution (Revil
& Glover, 1998). Measurements were performed in three orthogonal directions of the cubic
samples by using an impedance analyzer at room temperature and pressure, with a set of
two stainless steel electrodes (Figure 2.3a). To enhance the contact between the samples
and the electrodes, paper filters soaked in brine water were placed on the top and bottom
surfaces of the samples. The magnitude and phase angle of the complex impedance were

measured with the frequency ranging from 20 Hz to 1 MHz (Figure 2.4).

(a) (b)

=

—_—>

transducer
Pulse generator

Impedance
analyzer < =/

insulator (tefron)

sample

filter
Oscilloscope
—>

sample =l
\

electrode (stenless)
Impedance

analyzer <« =

Figure 2.3 Schematics view of the experimental setups of (a) resistivity and (b) elastic wave
velocity measurements.

To calculate the sample resistivity we used only data measured at ~100 Hz, which is similar
to those used for the previous studies and borehole logging (Einaudi et al., 2005; Ildefonse &
Pezard, 2001). Impedance measurements were also made on the samples under dry condition
with stainless mesh filters to calculate the resistivity of the solid phase. The sample resistivity
on the x-axis p, can be calculated as

L,L,
Y=2|Z| cos 0, (2.4)

=L

where L, L,, and L, are the sample lengths of each direction, respectively. The resistivities
on the other directions were calculated in the same manner. The sample lengths were

measured at three locations on each orthogonal direction with digital caliper and the mean
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2.2. METHOD

values of each direction were used for the resistivity calculation, in which the standard
deviation of the lengths of each facing surfaces is usually <1%. The relative error in
resistivity comes from the errors in the measured resistance and sample dimensions and

ranges typically from 5% to 10% (Watanabe et al., 2019).
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Figure 2.4 Example of impedance spectra as a function of frequency under dry and brine-
saturated (wet) conditions (49Z-3, Basalt). Blues lines represent amplitude of impedance |Z|,
and red lines represent phase shift 6.

2.2.3 Elastic wave velocity

We measured P- and S-wave velocities in three orthogonal directions of the cubic core samples
under both dry and wet (water-saturated) conditions at room temperature and pressure.
Under wet conditions, the samples were saturated with NaCl solution (3.5 g/L). Elastic
wave velocities were determined by a pulse transmission method, in which travel times of
ultrasonics passing through the sample were measured. P- and S-waves with a resonant

frequency of 1 MHz were generated by transducers (Olympus V103-RM and V153-RM, 13
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2.3. RESULTS

mm in diameter) attached to the framework (Figure 2.3b). An input pulse with an amplitude
of 5 V was sent to the transducer by a pulse generator and was transmitted through the
samples, and the output signal was received by another transducer mounted on the opposite
side and digitalized by an oscilloscope at a sampling rate of 2.5 x 101? 57! (Figure 2.5). Elastic
wave velocity was calculated by dividing the sample length by the travel time. The time of
first arrival of the ultrasonic wave was determined using the Akaike Information Criterion
(AIC). The waveform can be divided into intervals before and after the arrival time using

the statistical AIC function:

AIC(t) = tlog(var(A[l,t])) + (T — t — 1) log(var(A[t + 1,T7)), (A1)

where t is each sampling point; T is the total number of sampling points; and var denotes
the variance in the signal data over the prescribed interval range (Hassanzadegan et al., 2014;
Kurz et al., 2005; Sarout et al., 2009). The global minimum of the AIC corresponds to the
onset time of the signal (Figure 2.6). To pick the onset time accurately, it is necessary to set
an appropriate time window that includes the waveform regions of interest (Sarout et al.,
2009). Time delay related to transducer faces and electronic circuitry was compensated by
using a waveform measured with the two transducers in direct contact. The measurement
error in elastic wave velocity can be evaluated from the errors in length and travel time,

which is 1-2% for our samples.

2.3 Results

Although some samples show relatively large variations in electrical resistivity with respect
to measurement direction, there are no systematic variations with respect to depth and
orientation; therefore, we present the mean values (circle symbol) and the variations in the

three orthogonal directions (bars) in all figures below in all figures below.

Figure 2.7a and b show depth variations of bulk porosity data that were reported by the
shipboard measurements (Kelemen et al., 2020d) and electrical resistivity under wet conditions
that we measured in this study, respectively. Although we measured sample resistivities
using five different brine water concentrations, only those data obtained for 35 g/L (0.175
Qm) brine water, which is similar to the salinity of sea water, are shown in Figure 2.7b.
Resistivity ranges from 7 to 6876 Qm, and its moving mean tends to be slightly higher in
the Lower Gabbro Sequence compared with the other sequences (Figure 2.7b). This trend
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Figure 2.5 Example of waveforms of P- and S-waves under dry and brine-saturated (wet)
conditions (49Z-3, Basalt).
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Figure 2.6 Example of the determination of the onset time of a P-wave by using the Akaike
Information Criterion (AIC). The minimum of the AIC function corresponds to the onset
time of the signal.
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is also observed for the data obtained using different brine concentrations. Bulk porosity
also varies widely from 0.09% to 11.27%, with the samples from the Lower Gabbro Sequence

having the lowest porosities (Figure 2.7a).
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Figure 2.7 Depth variations of porosity and electrical parameters. (a) Porosity measured
by shipboard measurements (Kelemen et al., 2020d). (b) Resistivity obtained using 35
g/L (0.175 Qm) brine, which has a similar brine concentration to that of sea water. (c, d)
Formation factor and surface conductivity calculated from Equation 2.2 based on a series of
resistivity measurements using five different brine. (e, f) Cementation exponent and electrical
tortuosity calculated from the porosity and the formation factor using Equations 2.5, 2.6.
Except for (a), the data represent the mean values in three orthogonal orientations, and the
bars indicate the variations in the measurement directions. Bold gray lines represent the
moving mean values over 20 data points.

To evaluate the contributions of pore space and surface conduction to the bulk electrical
conduction, we determined the formation factor F' and surface conductivity og by fitting the
measured resistivities with five different brine for each sample (Figure 2.8). Formation factor
ranges from 40 to 3873, and its moving mean increases slightly with depth (Figure 2.7c),
suggesting that the pore structure changes with depth. Surface conductivity ranges from
10% to 102 S/m and shows a systematic decrease with depth (Figure 2.7d). This indicates
that the degree of hydrothermal alteration decreases with depth and is possibly related to
the variation in pore structure. Figure 2.9 shows the relationship between the porosity and
the formation factor. The formation factor is correlated to the porosity, suggesting that
the variation in resistivity is related to pore structure. We estimated the microstructural
characteristics of the pore space by using two relationships between the formation factor and

porosity, as described below. Archie (1942) proposed an empirical relationship between the
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formation factor and porosity as

F=¢™, (2.5)

where m refers to the cementation exponent. The parameter m is roughly constant depending
on rock type and typically ranges from 1.5 to 2.5 for most crystalline rocks (Guéguen &
Palciauskas, 1994). In general, m has been considered to describe the non-uniformity of the
cross-sections of the pore space (e.g., Ildefonse & Pezard, 2001; Violay et al., 2010). The

formation factor can be also related to electrical tortuosity 7 as

F= (2.6)

-
s
The electrical tortuosity 7 is commonly related to the complexity of the conduction channels
or the degree of connectivity of the pore space (e.g., Violay et al., 2010). Fitting of our data
of all samples using Equations 2.5, 2.6 yields m = 1.76 £ 0.04 and 7 = 35.2 + 5.8. Note that
Equation 2.2 was originally developed assuming F = ¢~2, so that care should be taken in
using the formation factor from Equation 2.2 to estimate the microstrucural parameters,

althoug its influence is expected to be small.
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Figure 2.8 Examples of plots of the sample bulk conductivities as a function of the saturating
fluid conductivity. Circle symbols are the representative data for each lithologic sequence.
Best-fit curves were calculated using Equation 2.2.

We also applied Equations 2.5, 2.6 to individual data for first-order evaluation of the
microstructural characteristics of the pore space of each sample. Depth variations of the
calculate cementation exponent m and electrical tortuosity 7 are shown in Figure 2.7 and
f. Cementation exponent of each sample ranges from ~1.2 to ~2.2, and its mean trend

decreases gradually with depth, where it tends to show slightly higher values in the Lower
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Figure 2.9 Formation factor as a function of porosity. The data represent the mean values
in three orthogonal orientations, and the bars indicate the variations in the measurement
directions. Solid and dashed lines are fitted results using Equations 2.5, 2.6, respectively.

Dike Sequence. This suggests that the geometry of the pore space changes with depth, as m
is interpreted as the degree of non-uniformity of the cross-sections of the pores (Ildefonse &
Pezard, 2001; Violay et al., 2010). Electrical tortuosity of each sample ranges from 2 to ~100,
with the exceptions of a few outlier. In contrast to m, no depth trend is observed through
the hole, suggesting that the complexity of the conduction paths does not depend on depth

and hence lithologic sequence.

Figure 2.10 shows depth variations of elastic wave velocities that were obtained under dry
and wet conditions. P-wave velocity (Vp) ranges from 3.53 to 6.89 km/s, and shows slightly
higher values in the Lower Gabbro Sequence than in the sheeted dike sections. S-wave
velocity (Vg) ranges from 1.66 to 3.77 km/s, with its mean profile showing a similar depth
trend to that of P-wave velocity. The ratio between P- and S-wave velocities (Vp/Vs) under

wet conditions is ~1.9 through the hole, and no clear depth trend is observed.

Figure 2.11 shows the relationships between the elastic wave velocities and the bulk porosity.
Both P- and S-wave velocities decrease with increasing porosity, probably because of the
presence of cracks, which can significantly lower the rocks elasticity. P-wave velocity in all
case shows higher values under wet conditions than dry conditions, suggesting that the cracks
become stiffened owing to water saturation (e.g., Guéguen & Kachanov, 2011). In contrast,
S-wave velocity shows no clear difference between wet and dry conditions, possibly due to
the lower sensitivity of the shear modulus to the presence of pore fluid (e.g., Guéguen &

Kachanov, 2011). This different dependence of elastic wave velocities on the pore fluid results
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Figure 2.10 Depth variations of (a) P-wave velocity, (b) S-wave velocity, and (c¢) Vp/Vs.
Symbols indicate the mean values, and bars represent the variation in the three orthogonal
directions. Bold gray lines represent the moving mean values over 20 data points.



2.4. DISCUSSION

in different trends of Vp/Vg with bulk porosity for each condition (Figure 2.11c). Whereas
Vp/Vs under dry conditions tends to decrease with porosity, Vp/Vs under wet conditions

does not change markedly.

The formation factor and elastic wave velocities are clearly correlated with each other, in
which the formation factor changes markedly at high-velocity regime (~6-7 km/s) and changes
gradually through to low-velocity regime (Figure 2.12). This suggests that the electrical and

elastic properties differently depend on pore structure.

2.4 Discussion

We observed gradual increases in electrical resistivity and formation factor from the sheeted
dike section to the gabbro section of Hole GT3A. These increases can be related to changes
in the microstructure of the pore network as expressed by m and 7. Although it is difficult
to quantitatively evaluate the geometry of pore networks from m and 7, these parameters
are useful for evaluating first-order information on the pore structure and making direct
comparison with the literature data. In this section, we first compare those microstructures
with the previous studies that measured petrophysical properties of oceanic crustal rocks
collected from oceanic drilling sites and ophiolites. We also measured elastic wave velocities,
which are highly sensitive to pore geometry and can be interpreted using various theoretical
models. Effective medium theory has been widely applied to rocks containing cracks to relate
the variation in elastic wave velocity to crack microstructural parameters (e.g., Guéguen &
Kachanov, 2011; Kachanov, 1994; Kuster & Toksoz, 1974; O’Connell & Budiansky, 1974). We
investigate the pore structure of the core samples of Hole GT3A by performing joint inversion
of both electrical resistivity and elastic wave velocity combining the effective medium model
by Kachanov (1994) and the statistical crack conductivity model by Guéguen & Dienes
(1989) based on percolation theory. We compare the estimated crack porosities with the bulk
porosities measured onborad and evaluate the validity of our modeling. Then, we apply the
joint electrical-elastic properties relationship to in situ geophysical data obtained from IODP
Hole 1256D to discuss the influence of external factors at in situ conditions such as pressure

and the role of cracks in fluid flow and related processes in the oceanic crust.
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2.4.1 Comparison of electrical parameters with previous laboratory

data

Measurements of petrophysical properties have been made on oceanic crustal rocks collected
from various tectonic settings and have included measurements from oceanic drilling sites and
ophiolites. Violay et al. (2010) reported the electrical and acoustic properties of mini-core
samples collected from ODP/IODP Hole 1256D in the Cocos Plate, where the upper crust
was drilled from the root zone of the sheeted dike complex to the uppermost part of the
varitextured gabbros. Einaudi et al. (2000) measured a series of physical properties for
volcanic rocks collected from a continuous transect along the Sarami Massif, which compirse
the uppermost crustal section of the Oman ophiolite. Figure 2.13 presents a comparison of
data for the electrical properties measured in this study with data reported for Hole 1256D
and the Sarami Massif in Oman. The porosity values for the samples from the Sarami Massif
are limited mainly to higher than ~1%, which coincides with the range of the sheeted dike
section of Hole GT3A, and the microstructural parameters (F', m, and 7) for Hole GT3A
are comparable with those for the Sarami Massif at a given porosity. This suggests that
the geometry and topology of pore space of the crustal section of the Oman ophiolite are
comparable with those of the volcanic section down to at least the sheeted dike section
in Hole GT3A. In contrast, the formation factor values are slightly higher in Hole GT3A
than in Hole 1256D, suggesting that the crustal section of the Oman ophiolite is slightly

more resistive relative to in situ oceanic crust. The cementation exponent m and electrical
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tortuosity 7 are also higher in Hole GT3A than in Hole 1256D at the same porosity, meaning
that Hole GT3A is characterized by higher complexity and non-uniformity of the pore space
compared with Hole 1256D. The surface conductivity in Hole GT3A is similar to that in
Hole 1256D at a given porosity, suggesting that the degree of hydrothermal alteration and/or
nature of the alteration phase of Hole GT3A are similar to those of Hole 1256D, with cracks
likely playing a role in hydrothermal fluid flow and subsequent alteration at the scale of grain

boundaries (Violay et al., 2010).
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Figure 2.13 Comparison of electrical properties of Hole GT3A with data from IODP
Hole 1256D (Violay et al., 2010) and the Sarami Massif in Oman (Einaudi et al., 2000).
(a) Formation factor, (b) surface conductivity, (¢) cementation exponent, (d) electrical
tortuosity are plotted as a function of porosity. The data obtained in this study represent

the mean values in three orthogonal orientations, and the bars indicate the variations in the
measurement directions.
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2.4.2 Cross elastic—electrical properties
2.4.2.1 Effective medium model for elastic wave velocity

A number of micromechanical models based on effective medium theory have been proposed
for isotropic rocks with certain distributions of cracks (e.g., Kachanov, 1994; Kuster & Toksoz,
1974; Shafiro & Kachanov, 1997). For a medium containing circular cracks whose centers

and normals are oriented randomly, the crack density p. is defined as:

1
pC = V ZC?’ (2.7)
N

where ¢; is the radius of the ith crack, and N is the total number of cracks in a representative
elementary volume V which is elastically homogeneous (Guéguen & Kachanov, 2011). Ac-
cording to Kachanov (1994) model, when neglecting interactions between individual cracks,

the effective bulk modulus K* and shear modulus G* are given by:

Ko_ hpc o ¢

K*_1+1—2V0<1+{<1 §>1+5C 1D (28)
and

Go hpe 2 v\ Oc

— =1 1+-((1—— —1 2.

G* +1+u0<+5[( 2)1+5G D’ (2:9)

where v is Poisson’s ratio, and subscript 0 denotes crack-free material (Fortin et al., 2007).

The scalar parameter h is a geometric factor for a penny-shaped crack and is expressed as

16(1 — 12)
h=——r 2.10
91 —1p/2)’ (2.10)
and J. is a non-dimensional parameter for penny-shaped crack defined by
E
5= T 0 (2.11)

16(1— 1) Kr

where « is the mean aspect ratio of cracks defined as o = w/¢, where ¢ and w are the mean
crack radius and aperture, respectively, and K is the fluid bulk modulus. The parameter 6.
is referred to as the saturation parameter and determines the contribution of fluid to the
effective bulk modulus (Benson et al., 2006; Fortin et al., 2011; Schubnel et al., 2006). These
equations from Kachanov (1994) model allow the difference between the elastic wave velocity
of crack-free rock and the measured velocities under wet conditions to be attributed to crack

density and crack aspect ratio. In contrast, when a crack is filled with dry air, . exceeds 1
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owing to the extremely small Ky, meaning that the contribution of aspect ratio is negligible
under dry conditions. For penny-shaped cracks, crack porosity can be estimated from crack

density and mean aspect ratio as (Kachanov, 1994):

P = TpcQ. (2.12)

2.4.2.2 Statistical and percolation model for electrical resistivity

We observed that the nonlinear relationship between the formation factor and elastic wave
velocity, in which the formation factor changes steeply at high-velocity regime and changes
gradually through low-velocity regime (Figure 2.12). This steep change at higher velocities
can be related to changes in both crack porosity and connectivity of cracks, as interpreted by
percolation theory. Guéguen & Dienes (1989) showed that the transport properties of rocks
containing cracks, such as permeability and electrical conductivity, can be modeled by the
connection of cracks based on statistics and percolation theory. The effective conductivity

for a rock containing randomly oriented cracks can be expressed as:

1
Oeff = Zf(bcaﬂuid + Osolid, (213)

where f is crack connectivity, ¢. is crack porosity, and oguiq and ogeliq are the fluid and
solid conductivities, respectively. Crack connectivity represents the fraction of connected
cracks, which can be calculated using a percolation model based on Bethe Lattice with the

coordination number of four as:

e (T3 (I2-0) 21

where p is the probability that two cracks intersect each other and is given by (Guéguen &
Palciauskas, 1994):

p=ppe (2.15)

These relationships reveal that f can take any value from 0 to 1, which implies that p ranges
between 1/3 and 1. This lower bound (p = 1/3) corresponds to the threshold for percolation,
meaning that a conductive crack network starts to form when crack density reaches a critical

value (pc ~ 0.135).
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2.4.2.3 Joint inversion of elastic wave velocity and electrical resistivity

Based on the models presented in the previous sections, both electrical resistivity p and
elastic wave velocity V' can be expressed as a function of crack density p. and aspect ratio «

as:

p=[f(pe,) and V =g(pc,a). (2.16)

To quantify the microstructural characteristics of the pore space, we performed joint inversion
of the measured velocities and resistivities using these models. We assumed an elastically
homogeneous matrix containing randomly oriented cracks, given the observed weak anisotropy
of elastic wave velocities. Then, crack density and aspect ratio were determined by performing
a least-square inversion, in which the differences between the measured P- and S-wave
velocities and electrical resistivity under wet conditions and the model predictions were
simultaneously minimized. We defined the misfit function r to be minimized between the

experimental and modeled values as follows:

VET — VE(p,, a)
r = Vgxp _ VénOdel(,Oc, Oé) . (217)
10810 prrtertye ey
This misfit function was minimized using the Levenberg-Marquardt method in MATLAB®

software package.

Table 2.2 Elastic properties and densities of minerals used for calculation of Voigt-Reuss-Hill
averages of porosity-free velocities.

Mineral Bulk modulus K (GPa)  Shear modulus G (GPa)  Density (g/cm?)
Plagioclase 75 34 2.68
Clinopyroxene 96 58 3.32
Amphibole 87 43 3.12
Olivine 131 81 3.32
Orthopyroxene 105 76 3.34
Quartz 37 44 2.65

The crack-free elastic wave velocities for each rock type were estimated from primary mineral
abundances that were reported by shipboard descriptions of sample thin sections from Hole

GT3A (Kelemen et al., 2020d). We calculated Voigt-Reuss-Hill averages of elastic moduli
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for each sample using elastic moduli of mineral presented in Table 2.2 and determined the
representative values for each rock type. The variations of the calculated crack-free velocities
were 3-5% for velocities and ~10% for density for all rock types (Figure 2.14). The fluid bulk
modulus was taken as Ky = 2.2 GPa. For the electrical properties, fluid conductivity was
taken as ogyiqa = 5.7 S/m (salinity of 35 g/L), and solid conductivity was taken as ogoliq =

2.0 x 10 S/m based on the dry measurements.
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Figure 2.14 Comparison of calculated porosity-free velocities and density for each lithology.
Box plots show the medians (blue horizontal bars), the 25th to 75th percentiles (boxes),
whiskers extending to the extreme nonoutlier data, and outliers (circles). We used the
medians of each lithology for crack density inversion of laboratory data from Hole GT3A
and used the medians of all data for the inversion of logging data from Hole 1256D.

Figure 2.15 shows the depth variations of calculated crack density, aspect ratio, and crack
porosity. The modeled velocities and resistivities broadly agree with the measured data
used as input for inversions (Figure 2.16). Most of the samples show crack densities ranging
from 0 to 1, whereas some samples yield crack densities > 1. Except for such high-crack
density samples, the mean crack density tends to slightly decrease across the dike—gabbro
transition. Aspect ratio varies widely from 10 to 10°! and shows no clear depth trend.
These values are consistent with those estimated from high-pressure experiments on mafic
rocks collected from the Oman ophiolite (Hatakeyama et al., 2021). The calculated crack
porosity typically ranges from 0.01% to 3% and shows a decrease across the dike-gabbro
transition zone. Although this depth trend is consistent with the depth trend of bulk porosity
(Figure 2.7a), the crack porosities determined from the joint inversion tend to be ~1% lower
than the bulk porosities, suggesting the presence of spherical pores (i.e., equant pores).
Indeed, microstructural obserations using high-resolution pnCT imaging suggest that some
samples contain both thin cracks and rounded pores (Figure 2.17). Although it is challenging

to estimate the effects of equant pores on the elastic and electrical properties of the samples
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because they are nearly insignificant in comparison to those of thin cracks (Fortin et al.,

2011; Kachanov, 1994), ignoring their effects could result in an underestimation of porosity.
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Figure 2.15 Depth variations of (a) crack density, (b) aspect ratio, (c) crack porosity, that
were inverted from the measured elastic wave velocities and electrical resistivities. The
data represent the mean values in three orthogonal orientations, and the bars indicate the
variations in the measurement directions. Bold gray lines represent the moving mean values
over 20 data points.

Although the assumption of non-interactions between cracks may be valid for crack densities
below 0.5 for cracked effective medium model (Fortin et al., 2007; Guéguen & Kachanov,
2011; Schubnel & Guéguen, 2003), some samples yield high crack densities >1, which results
in high crack porosities >3%. One possible cause of this high crack density and porosity is a
high degree of fracturing that is possibly associated with brittle failure (Akamatsu et al., 2021;
Paterson & Wong, 2005). Another possible cause may be the uncertainty of the crack-free
parameters. The grain densities of our samples vary more than those calculated from the
mineral compositions used for the determination of crack-free elastic moduli (Figure 2.14).
This suggests that some of our samples may have unique mineral compositions and hence

the crack-free parameters.

The microstructural characteristics of cracks are quantitatively estimated from the joint
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Figure 2.16 Comparison of the modeled velocities and resistivities with the experimental
values.

inversion using elastic wave velocity and electrical resistivity. However, it should be noted
that our model of electrical resistivity has some large uncertainties, in particular for low
crack density regime near the percolation threshold. The percolation threshold (p = 1/3)
is resulted from a simple Bethe lattice model whose coordination number is four (Guéguen
& Palciauskas, 1994), and the probability of crack interconnection is estimated assuming
penny-shaped cracks with homogeneous distribution. Thus, the critical crack density of
~0.13 should be regarded as an approximated value (Guéguen & Schubnel, 2003), and these

assumptions and approximations possibly result in the large uncertainty on the crack density.

(a) 20Z4, Basalt (z=20.97 m) (b) 7523, Diabase (z=175.32 m)

0.2 mm

0.2 mm

Figure 2.17 Cross-sections of nCT images of (a) 20Z-4 and (b) 75Z-3 with a resolution of
~2 nm. Cracks and spheroidal pores are indicated by white arrows.

2.4.3 Implications for in situ geophysical properties of oceanic crust

Combining the effective medium model and the percolation model, the elastic and electrical
properties of oceanic crustal rocks measured in laboratory can be related to crack density

and aspect ratio. Meanwhile, whereas our data were measured under ambient conditions, in
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situ geophysical data obtained in oceanic crust must include various external factors such as
pressure and temperature. To understand the potential effects of in situ conditions on seismic
and electrical properties, we performed joint inversion using the proposed cross-property
relationship to the sonic velocities and electrical resistivity obtained at IODP Hole 1256D.
Logging measurements in Hole 1256D have provided downhole physical properties, including
P- and S-wave velocities, electrical resistivity, and temperature down to the lowermost parts
of the sheeted dike complex in a superfast spreading segment of the Cocos plate (Teagle
et al., 2006). Sonic velocities at depths 250-1200 m and 1076-1422 m were measured at
1-14 kHz using the Schlumberger Dipole Sonic Imager during IODP Expedition 309 and 312,
respectively (Guerin et al., 2008; Teagle et al., 2006). Deep resistivity data from the Dual
Laterlog was measured during IODP Expedition 312 (Teagle et al., 2006). Temperature at
depths 148-1455 m was acquired during IODP Expedition 335.

Crack density, aspect ratio, and crack porosity were calculated by joint inversion using the
25 m average values of sonic velocities and resistivities. Cracks were postulated to be fully
saturated with seawater, and the fluid conductivity at each depth was estimated from the

temperature log as (Becker et al., 1982; Key et al., 2012):

T

5 (2.18)

Ofluid = 3+

where T is the temperature (°C). The electrical conductivity of the solid phase was taken as
2 x 107® S/m. The crack-free velocities were taken to be Vp = 6.90 £ 0.06 km/s and Vs =
3.82 + 0.08 km/s, based on the first, second, and third quartile values of of those calculated

from the mineral abundances of Hole GT3A.

The results of joint inversion of Hole 1256D are shown in Figure 2.18. The forward solutions
via the effective medium theory (EMT) and percolation model (solid lines in Figure 2.18a—c)
well agree with the logging data used as input for inversions. For any crack-free velocities,
crack density systematically decreases with depth approaching the percolation threshold
(~0.13) at depths greater than ~1200 m, meaning that the connectivity of crack network
decreases toward the deepest parts of the sheeted dike (Figure 2.18d). These decreases in
crack density and connectivity can be the cause of the abrupt and large decrease in logging
resistivity at the base of the sheeted dike complex. Aspect ratio and crack porosity show no
clear depth trend down to the depths of ~1000 m for any crack-free velocities (Figure 2.18e,
f). However, at the deeper parts of the hole, the aspect ratio and crack porosity begin to

markedly decrease with depth for relatively high crack-free velocities, whereas those for low
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crack-free velocities tend to slightly increase or do not vary markedly. Although the accurate
solutions of the aspect ratio and hence crack porosity were not obtained at the deepest parts
of the hole, possibly due to the less sensitivity of the aspect ratio to the elastic wave velocity
in low-crack density regime, this suggests that the assumption of the crack-free velocity and
hence mineral compositions can affect the inversion results at low crack density close to the
percolation threshold. As mentioned above, however, care should be taken that there are
also large uncertainties in the percolation threshold (p. ~ 0.13) resulted from the simple

geometric assumptions.

Whereas the range of in situ crack density is similar to that of the laboratory samples from
Hole GT3A, its depth trend differs somewhat from those of the laboratory data, whereby
the crack density of our samples does not change substantially in the sheeted dike sequence
(Figure 2.15). The systematic decrease in crack density of Hole 1256D could be caused by
the closure of cracks owing to elevated in situ effecive pressure within the oceanic crust.
One could expect that the application of effective pressure corresponding to in situ depth
to our laboratory data from Hole GT3A results in the closure of thin cracks, leading to
further systematic increase in elastic wave velocities and electrical resistivity with increasing
depth, as shown in the logging measurements at Hole 1256D. It should be noted, however,
that another geometry of pore network, such as equant pores and tubes, may contribute
to electrical conduction even under high pressure such that the thin cracks are completely
closed (Pimienta et al., 2017). Alternatively, it may reflect that the cracks are sealed with
secondary minerals due to the hydrothermal circulation prevailing at greater depths (Wilkens

et al., 1991).

Compared with porosity estimated from Archie’s law with different cementation exponents,
the calculated crack porosity is in good agreement with that inferred from m = 1.5. However,
there are some discrepancies at depths where the crack connectivity starts to decrease. This
implies that the cementation exponent may change with depth, possibly related to the crack
connectivity. Although electrical resistivity observed in oceanic crust is often interpreted
with Archie’s law (e.g., Carlson, 2010; Chesley et al., 2021; Schwalenberg et al., 2017; Swift
et al., 2008), the transformed porosity is strongly dependent on the choice of cementation
exponent. Our results suggest that care must be taken in choosing proper coefficients when

using Archie’s law, especially at depths where crack density is relatively low.

The wavelength of the sonic waves used for logging measurements is usually a few meters,

which is much longer than that of ultrasonics used for laboratory measurements. Thus,
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Figure 2.18 Results of joint inversion of sonic velocities and electrical resistivity obtained
by borehole logging measurements at Hole 1256D. (a—c) Downhole plots of P- and S-wave
velocities, and electrical resistivity logs (gray lines). Blue lines denote best fit values by joint
inversion. The crack-free velocities were taken to be Vp = 6.90 £ 0.06 km/s and Vg = 3.82
+ 0.08 km/s. The fluid conductivity at each depth was estimated from the temperature log
using Equation 2.18. The electrical conductivity of the solid phase was taken as 2 x 1075
S/m. (d-f) Calculated crack density, aspect ratio, and crack porosity. Porosities estimated
from Archie’s equation using different cementation exponents are plotted for comparison
(red lines).

39



2.4. DISCUSSION

velocities measured by borehole sonic logging include the effects of relatively large-scale
cracks (Karato, 1983), possibly measuring a few meters in length and a few millimeters
or less in width. The estimated crack densities and aspect ratios for Hole 1256D possibly
include the characteristics of such large-scale cracks. The large-scale cracks can dominantly
control the fluid flow in the oceanic crust, because rock’s permeability depends strongly on
the size of cracks (e.g., Guéguen & Dienes, 1989; Walsh & Brace, 1984). The permeability
at the scale of in situ oceanic crust such as Hole 1256D could be much larger than that
measured in the laboratory. Indeed, packer measurements using boreholes usually yield a
permeability that is several orders of magnitude larger than that measured in the laboratory
(Guéguen et al., 1996), and the large-scale permeability of Hole 1256D, that were estimated
from the distribution of hydrothermal veins preserved in the drilled cores, has been shown to
be much larger than the permeability of mini-core samples (Gilbert et al., 2018; Gilbert &
Bona, 2016). However, our calculations show that the crack connectivity rapidly decreases
in the sheeted dike complex. This implies that current fluid flow away from the ridge axis
due to the networks of large-scale cracks may not be prominent in the deeper parts of the

oceanic crust near Hole 1256D.

Whereas the effective medium model postulates a situation where fluid pressure differs from
crack to crack, at sufficiently low frequency the pore fluid pressure can equilibrate between
cracks within the representative elementary volume, because there is sufficient time for local
fluid flow to occur, although macroscopic fluid flow does not take place over a scale of the
wavelength (Guéguen & Kachanov, 2011). In such a case, elastic wave velocity should be
evaluated by macroscopic poroelasticity theory which assumes pore pressure equilibration
within each representative elementary volume (Fortin & Guéguen, 2021). The frequency
at which the effect of pore pressure relaxation becomes prominent is typically < 1 kHz
(Fortin & Guéguen, 2021), whereas the frequency of sonic logging measurements at Hole
1256D was 1-14 kHz (Swift et al., 2008). This implies that the sonic measurements can be
interpreted with the effective medium model. However, when extrapolating the cross-property
relationship to data obtained by seismological surveys with a much lower frequency range

(~10 Hz), the effect of pore pressure equilibration should be accounted for.

Field-scale geophysical surveys, including seismological and electromagnetic observations,
have been recently conducted at various tectonic settings of oceanic lithosphere (e.g., Chesley
et al., 2019, 2021; Fujie et al., 2018). Although our measurements and analysis have some
uncertainties that should overcome, the proposed cross-property relationship between elastic

wave velocity and electrical resistivity of oceanic crustal rocks can provide insight into the
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quantitative interpretation of geophysical data from oceanic crust at various scales.

2.5 Conclusions

We measured P- and S-wave velocities and electrical resistivity of cubic samples collected
from Hole GT3A of the Oman Drilling Project. Elastic wave velocity and resistivity tend
to increase from the sheeted dike complex to the underlying gabbro sequence. By using an
effective medium theory and a fluid flow model for cracks based on statistics and percolation
theory, the variation in the electrical and elastic properties can be interpreted in terms of
crack density and aspect ratio. To attempt to interpret in situ geophysical data in oceanic
crust, we perfomed the joint inversion using sonic velocities and electrical resistivity obtained
by logging measurements at IODP Hole 1256D. As a result, the depth variations of sonic
velocities and electrical resistivity can be interpreted by systematic decrease in crack density
and aspect ratio, suggesting that the crack network may be broken at the deeper parts of the
oceanic crust. Our experimental data and analysis suggest that the physical properties of

oceanic crust can be interpreted using the same model at both laboratory and in situ scales.
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Chapter 3

Heterogeneity of crack
distribution in oceanic crust
inferred from shipborad MSCL
data from the Oman Drilling
Project

3.1 Introduction

The presence of subsurface water can be estimated from seismic observations because the
fluid filling the pore space can readily modify the rock’s elastic properties (Guéguen &
Palciauskas, 1994). To investigate the distribution of pore water in the oceanic lithosphere,
many seismological surveys have been conducted at various tectonic settings, and the seismic
velocity structures have been obtained in particular for subduction zones (e.g., Audet et
al., 2009; Eberhart-Phillips et al., 2017; Fujie et al., 2013; Kato et al., 2010). The seismic
waves used for the explorations typically have a frequency of 1-10 Hz, which corresponds to
a wavelength of tens—to-hundreds of meters. Therefore, the seismic structures obtained from
those surveys should reflect macroscopic structures on such large scales. When interpreting the
elastic properties of a rock, the assumption that the rock is homogeneous at the macroscopic
scale allows various theoretical models, such as effective medium theory (Kachanov, 1994;
Kuster & Toksoz, 1974; O’Connell & Budiansky, 1974; Takei, 2002) and poroelastic theory
(Gassmann, 1951), to be applied. For this reason, it is often assumed that the pore structure at

the macroscopic scale can be represented by the representative elementary volume (i.e., REV,
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Figure 3.1), in which the microstructure is determined by laboratory ultrasonic measurements.
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Figure 3.1 Schematic concept of Representative Elementary Volume (REV). Statistically
homogeneous medium with porosity ¢ and the effective physical property z.s (left). The
macroscopic porosity and physical properties can be represented by those of the REV (middle).
The porosity and physical property within the REV vary with measurement scale and exhibit
a plateau, which is defined as REV (right).

When porous/cracked rocks are saturated with fluid, the loading associated with the wave
propagation causes a pore pressure gradient in the pore network (Mavko et al., 2020). The
pore pressure is diffused by fluid flow, which is referred to as wave-induced fluid flow (i.e.,
WIFF). The effective elasticity of the fluid-saturated rocks depends on the rate of loading
of a REV as compared with the rate of pore pressure diffusion across the REV, meaning
that the elastic wave velocity depends on the frequency (Guéguen & Kachanov, 2011). At
high frequencies, such as ultrasonic velocity measured by laboratory measurements, the fluid
flow has no time to take place within a given REV during the wave propagation, so the pore
pressure within the REV is different from crack to crack. In this case, the elastic properties
measured on this rock are referred to as “unrelaxed” moduli. The unrelaxed moduli can
be modeled by effective medium theory, which postulates non-uniformity of pore pressure
within REV (e.g., Kachanov, 1994). At lower frequencies, such as sonic velocity used for
borehole logging and seismic velocity, there is enough time for fluid flow to occur between
cracks, and the pore pressure can be equilibrated on the scale of the REV. In this case, the
elastic properties measured on this rock are referred to as “relaxed” moduli, which is within
the validity range of the concept of poroelastic theory. Nevertheless, there is no time for
fluid flow to take place over the scale of the REV, and the pore pressure varies between
REVs at the macroscopic scale. This situation corresponds to the “undrained condition”
of poroelastic theory, and the undrained elastic moduli can be predicted by Gassmann’s

equations (Gassmann, 1951).
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Figure 3.2 Schematics of drained (left), undrained (middle), and unrelaxed conditions
(right). The elastic moduli of each condition are related to the relationship between the rate
of wave-induced loading (i.e., frequency) and wave-induced fluid flow (i.e., WIFF) within
REV.

These conventional interpretations implicitly assume that the REV at the scale of seismic
wavelength is on the millimeter scale, as determined for the laboratory samples. This
assumption may be valid for certain rock types with homogeneous mineral combinations,
grain size and geometry, and pore structures, such as porous sandstone. However, for cracked
crystalline rocks such as basalt and gabbro, which make up the plutonic layers of the oceanic
crust, it is unclear whether the REV determined by the laboratory measurements can be
applied to the wavelength scale of seismic waves. Indeed, many laboratory studies using
discrete core samples originating from the seafloor have exhibited a markedly wide range of
variations in physical properties and crack characteristics, even for the samples collected from
similar depths and lithologies (Gilbert & Salisbury, 2011; Hatakeyama et al., 2021; Karato,
1983; Violay et al., 2010). This may suggest that the crack distribution within the oceanic
crust is somewhat heterogeneous and has a larger REV than the conventional interpretations.
The scale of REV can greatly affect the interpretation and prediction of the pore water
pressure conditions and hence elastic constants that the observed seismic velocities “see”. To
quantitatively evaluate the REV that represents microcrack structure in the oceanic crust, it
is essential to understand how microscopic physical properties spatially vary on a macroscopic
scale. However, as there has been no continuous drilling into the plutonic sequence of the

oceanic crust, comprehensive measurement of their physical properties is lacking.

Ophiolites, which are fragments of ancient oceanic lithosphere that have been tectonically
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obducted onto continental margins, provide us with opportunities to obtain samples derived
from the oceanic lithosphere. Samail ophiolite is the most extensive and best-exposed
cross-section of the oceanic lithosphere, extending complete sections from sediments and
pillow lavas to mantle peridotite sequences from the crust to mantle (Nicolas et al., 2000).
Recently, the International Continental Drilling Program (i.e., ICDP) Oman Drilling Project
sampled continuous cores comprising the crustal section to the mantle section of the Samail
ophiolite, with a recovery rate of ~100% (Kelemen et al., 2020a). The recovered cores were
systematically described and analyzed onboard in the laboratory of the drilling vessel Chikyu,
with preliminary data, including fundamental physical properties, having been reported
recently (Kelemen et al., 2020a). Those preliminary data include whole-round multisensor
core logger (MSCL-W) data, as well as data measured for individual discrete samples taken
from the cores. The MSCL-W (GEOTEK Ltd.) continuously measures various physical
properties of the drilled cores, including P-wave velocity measured at every 4 cm interval with
ultrasonic transducers. Such continuous P-wave velocity data obtained for the core samples
from the crustal sections of the Samail ophiolite is ideal for assessing the heterogeneity of

crack distribution in the oceanic crust.

In this study, we analyzed the depth variation of P-wave velocity data from the MSCL-W
measurements to evaluate the spatial heterogeneity of crack distribution and REV in the
crustal section of the Samail ophiolite. Based on the estimated REV, we discussed the
validity of theoretical models for the interpretation of seismic velocity and the potential

influence of microcracks on macroscopic elastic properties.

3.2 Core samples and MSCL-W measurements

The Oman Drilling Project obtained continuous core samples from the upper oceanic crust
to the uppermost mantle in the Oman ophiolite, with a recovery rate of ~100%. Hole GT3A
continuously sampled the transition zone from the sheeted dike to the underlying gabbro of
the crustal sections of the Oman ophiolite. The total length of the hole is about 400 m and is
composed mainly of basalt, diabase, and gabbro (Figure 3.3a). Shipboard descriptions logged
the downhole variations in total alteration intensity and relative abundances of secondary
minerals for 701 intervals (Kelemen et al., 2020d). Alteration intensity is highly heterogeneous
downhole and varies strongly over short depth intervals, without any clear correlations with
depth and lithology (Figure 3.3b). Total alteration logged ranges from 10%-100%, suggesting

that the whole core sections are moderately altered. During logging, the main alteration
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minerals were identified as albite, amphibole, chlorite, and epidote/clinozoisite. These four
minerals represent at least 70% of total secondary mineralization in all but five alteration
intervals. Other minerals occurring locally at >5% include quartz, zeolite, and, rarely, pyrite

and Fe oxyhydroxide.

The recovered core samples were carefully reconstructed and shrink-wrapped by core liners and
run through MSCL-W measurements before the core splitting. For Hole GT3A, whole-round
magnetic susceptibility, natural gamma ray, non-contact resistivity, gamma ray attenuation
density, and P-wave velocity were continuously measured using the MSCL-W. Of these data,
we focus on P-wave velocity, which is highly dependent on microcrack characteristics and
can be inverted in terms of crack geometrical parameters. P-wave velocity Vp is defined by

the time required for a compressional wave to travel a set distance as follows:

d

tcore

Vp =

: (3.1)

where d is the path length of the wave across the core, and t.q,e is the travel time through the
core. P-wave velocity transducers on the MSCL-W system measure the total travel time of
the compressional wave between the transmitter and receiver. The wave travels horizontally
across the whole core and core liner. The total travel time observed is given as the sum of
several components:

tiotal = tdclay + tpulsc + Qtlincr + tcorca (32)

where t4clay is the time delay related to transducer faces and electronic circuitry, fpuise is the
delay related to the peak detection procedure, and tjie; is the transit time through the core
liner. Assuming that the core is completely covered by the liner, the P-wave velocity of the

core is calculated as follows:

dc —2d iner
VP _ 1 1

- )
ttotal - tpulse - tdelay - 2tliner

(3.3)

where d.; is the measured diameter of core and liner, and djj,e, is the liner wall thickness.
The components other than t.... are calibrated by measurement using a core liner filled
with distilled water. For GT3A, Vp with a frequency of 500 kHz were measured every 4 cm
under dry conditions. As the corresponding wavelength is about 4-12 mm, the observed
velocity should reflect the pore structure at such a small scale. We assumed that the velocity
measured at each point is the representative value of + 2 cm of the point, as made for typical

laboratory measurements.
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Figure 3.3 (a) Borehole stratigraphy of Hole GT3A. (b) Downhole variations in the
relative abundance of secondary minerals that were visually determined during the shipboard
descriptions (Kelemen et al., 2020d). (¢) Downhole variations in P-wave velocity measured
by the whole-round multi-scanner core logger (MSCL-W) system (Kelemen et al., 2020d).
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Downhole variations in P-wave velocity are shown in Figure 3.3c. P-wave velocity also
varies strongly over short depth intervals, ranging from ~2 km/s to ~7 km/s in almost all
depth intervals. These variations in P-wave velocity reflect variations in the amount and
geometry of cracks, which can be used to assess the spatial heterogeneity of crack distribution.
However, the ranges of the measured Vp is much larger than those measured on the discrete
samples of the same hole under dry conditions (Akamatsu et al., 2023. under review). This
implies that the measured values contain substantial errors and uncertainties, possibly derived
from the roughness of the surface topography of the cores. These measurement errors and
uncertainties can lead to an overestimation of the true heterogeneity of P-wave velocity and
crack characteristics. Therefore, it is necessary to remove these noises from the measured

data and extract downhole variations in Vp and cracks that reflect the true heterogeneity.

3.3 Data preprocessing

3.3.1 Crack density

Elastic wave velocity of rock containing cracks can be related to crack density based on effective
medium theory (e.g., Kachanov, 1994; Kuster & Toksoz, 1974; O’Connell & Budiansky, 1974;
Shafiro & Kachanov, 1997; Takei, 2002). For a medium containing circular cracks whose

centers and normals are oriented randomly, the crack density p is defined as:
(3.4)

where c is the radius of the crack, and N is the total number of cracks in a representative
elementary volume V' which is elastically homogeneous (Guéguen & Kachanov, 2011). Given
this definition, heterogeneity in terms of the amount of cracks can be directly evaluated
by calculating the depth variations in the crack density. Assuming no interaction between
cracks, the effective elastic moduli of a medium containing randomly oriented cracks under

dry conditions (K4 and Gq) are given as:

—2)\ !
Kq =Ky <1 + MP) (35)
and .
Ga =Gy <1 + 16(19_(1”0_/5;3)(/12)_ ”O)p> : (3.6)
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where v is Poisson’s ratio, and subscript 0 denotes the solid phase (Fortin et al., 2007;
Kachanov, 1994). These equations allow the difference between the elastic wave velocity of
crack-free rock and the measured velocities under dry conditions to be attributed to crack
density. However, inverting crack density with these equations would yield overestimated crack
density values, in particular for high crack density regime (>0.5), as the crack interactions
are not taken into account (Guéguen & Kachanov, 2011; Pimienta et al., 2018). To account
for the interaction between cracks, we applied the Differential Effective Medium (DEM)
scheme, which can account for the crack interactions, to Equation 3.5. The DEM scheme
consists of adding a few crack densities step by step (Le Ravalec & Guéguen, 1996). At each
step, new effective elastic moduli are defined and used as a reference value for the solid phase

constants in the next step. We set the number of calculation steps (iteration) to N = 100.

We estimated the elastic moduli of crack-free medium from mineral abundances (Figure 3.3b)
using Voigt—Reuss—Hill (VRH) averages by assuming an isotropic medium (Mavko et al.,

2020). The VRH average is given as:

My + M,
Myrn = % (3.7)

where My and My are Voigt and Reuss averages, respectively, and correspond to upper and

lower bounds on the effective elastic moduli of a mixture of grains. Each average is given as:

My =Y f'M (3.8)
i=1
and
1 "Lf
My 2 M (3.9)

where f* is the volume fraction of the ith phase and M? is the bulk or shear modulus of
the ith phase. At any given volume fraction of constituents, the effective modulus will fall
between these bounds. The VRH average has been shown to give an accurate estimate of
crack-free rock properties for oceanic rocks collected from the Samail ophiolite (Hatakeyama
et al., 2021). In this study, we used the elastic properties of the minerals that are listed in
Table Table 3.1. Note that we assumed that the unaltered phase, which is referred to as
“fresh,” comprises plagioclase and clinopyroxene in identical proportions because the modal

abundances of such primary minerals were not logged during the shipboard descriptions.
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Table 3.1 Elastic constants and densities of minerals used for the calculation of solid-phase
properties

Density
Mineral K (GPa) G (GPa) (g/cm®)  Reference
Plagioclase 75 34 2.68 Carmichael (2017)
Clinopyroxene 96 58 3.32 Hacker et al. (2003)
Amphibole 87 43 3.12 Brown & Abramson (2016)
Albite 54 28 2.62 Hacker et al. (2003)
Chlorite 76 28 3.16 Carlson & Miller (2004)
Epidote 106 61 3.40 Mavko et al. (2020)
Zeolite 47 28 2.25 Mavko et al. (2020)
Quartz 37 44 2.65 Carmichael (2017)
Pyrite 147 133 4.93 Mavko et al. (2020)

3.3.2 Noise removal

As mentioned above, the magnitude of the spatial variations in P-wave velocity and crack
density inverted using a simple least-square method with Equations 3.5, 3.6 will be possibly
overestimated due to the substantial measurement noise and uncertainties. Crack density
and porosity of rocks are assumed to be somewhat continuously varying while spatially being
heterogeneous. Here, we defined an intuitive evaluation function E that incorporates the

effects of smoothing as follows:

B(Ve,p ) = 3 (W = Vo)) + 5 (0 = ), (3.10)

where n is the total number of the measured point; Vp and p are the respective sets of
variables Vp and p for the measured point i = 1,...,n; >, ;18 the summation of all pairs of
neigboring points. In the evaluation function, the first term indicates the reproducibility of
the observation, whereas the second term indicates the spatial continuity of the crack density.
The parameter A fully controls the relative importance of reproducing the observational data
to honor the continuity of the physical properties, and so this parameter is often referred
to as a hyperparameter. Minimization of E(Vp, p, \) satisfies the requirements of both the
reproducibility of the observed data and the spatial continuity of the physical variables. In

other words, it is expected that distributions of P-wave velocity and crack density close to
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the true distributions are recovered. However, the estimated distribution greatly depends on

the choice of the hyperparameter, \; therefore, it is necessary to choose an appropriate value.

Here, this study attempted to determine the appropriate A value using synthetic data for
crack density and P-wave velocity. First, a random walk based on a Gaussian distribution
with known variance (aﬁ = 0.052) was used to prepare a one-dimensional true crack density
distribution (Figure 3.4a). Assuming the crack-free elastic wave velocity of V3 = 7.0 km/s
and V§ = 3.8 km/s, the distribution of the true P-wave velocity obtained for this crack
density distribution was calculated from Equation 3.5 (blue line in Figure 3.4b). To simulate
the potential errors and uncertainties in the observed P-wave velocity, another Gaussian
noise with known variance (0%, = 0.5?) was applied to the true values to produce a synthetic
distribution of the observed P-wave velocity (red line in Figure 3.4b). Using this synthetic
data, we performed the minimization of the evaluation function F for various values of A
so that the appropriate value of A at which the estimated crack densities are closest to the
true values can be obtained. Here, we explored A that minimizing a root mean square error

function given as:

n

1 ) )
RMSE = g Z(péstimated - pérue)Z' (311)

=1

Figure 3.5 shows the calculated RMSEs as a function of A\. The minimum value is obtained
at A = 169. Estimates of crack density and P-wave velocity for this value are shown in
Figure 3.6. The estimates (red line) are well consistent with the true values (blue line) than
the distributions determined from the least-squares method without the term of the spatial

continuity of the crack density (transparent red line).

According to the framework of Bayesian estimation based on the Markov Random Field
(MRF) model applied to seismic velocity data (Kuwatani et al., 2014), it is known that
the hyperparameter A can be related to a ratio of the variance of the noise in the observed
velocity and the variance of the change in the crack parameter between two adjacent points,
which is given here as:

A= C;—‘Z/. (3.12)

p
Based on this equation, the hyperparameter for the true crack density distribution is expected
A = 100, which is similar to that estimated from our synthetic data. Therefore, we consider
that the crack density inversion using the evaluation function E is valid for the MSCL-W

data, and A = 100 will be used in the following calculations.
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Figure 3.4 Synthetic data of (a) crack density and (b) P-wave velocity.

Figure 3.7a shows the downhole variations in the estimated Vp plotted with the raw Vp (gray
line) and the crack-free velocities V¥ determined from the modal abundances. The estimated
Vp seems to be well denoised. Figure 3.7b shows the downhole variations in the estimated
crack density plotted with those of the discrete core samples taken from the same hole
determined by laboratory measurements (open circles, Akamatsu et al.). The estimated crack
densities are within the range of the discrete sample data, suggesting that the estimation is

valid.

3.4 REV estimation

We estimated the scale of REV of the P-wave velocity and crack density based on a con-
ventional deterministic approach, in which mean Vp and crack density were calculated for
multiple moving windows as the size of the window increased (Costanza-Robinson et al.,
2011). We used a one-dimensional moving window, in which the window length was increased
systematically in top and bottom directions from the starting point. The mean P-wave

velocity and crack density in each window length were calculated and plotted as a function of
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Figure 3.5 Calculated root mean square error (RMSE) as a function of the ratio between
variances of observation noise and true crack density, which is referred to as a hyperparameter.

the window length, which is here referred to REV plot. Although we cannot directly evaluate
the volumetric geometry of REV because our data is one-dimensional depth variation, we
postulated the window length at which the REV plot exhibits a distinct plateau as the
length of REV (Lrgv) that characterizes the scale of REV, as analogous to the conceptual
schematic shown in Figure 3.1. Here, Lrgy was taken as the minimum window length at
which the absolute value of the relative gradient error €, in the measured system variable,
shown here for P-wave velocity and crack density, remained below 0.1:

il i1

i+l + ri—1

L
AL’

€, = (3.13)

where 4 refers to the window increment number and AL is the magnitude of the increment
in the window length (Li et al., 2009). The REV criterion requires changes in the measured
variable over a given length-scale increment to be relatively small proportional to the size of
the increment, which relies on a subjective judgment regarding the magnitude of acceptable
variation in the measured property and what constitutes a clear plateau. Here, the maximum

window length was set to 50 m, and the window was moved from the top to the bottom of
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Figure 3.6 Estimated crack density and P-wave velocity using A = 100 (red lines), plotted
with those determined by the simple least-square method (deterministic).
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Figure 3.7 Downhole variations in (a) P-wave velocity and (b) crack density estimated by
minimization of the evaluation function using A = 100. The black line indicates crack-free
velocities determined from the mineral abundances. Open circles denote crack densities that
were estimated from the laboratory measurements on discrete cubic samples from Hole GT3A
(for details, see Chapter 2).
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the hole depths (~400 m) every 10 m depth. Namely, we performed the REV evaluation for
35 locations through the hole. Note that, the mean Vp was calculated as a harmonic mean

as:
1 1
_— = - . .14
Vi <Vp> (3:14)

This corresponds to calculating Backus average, which represents the low-frequency limit of

elastic wave velocity for isotropic medium (Mavko et al. 2020).
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Figure 3.8 (a,b) Changes in mean P-wave velocity and crack density, and (c,d) the relative
gradient errors as a function of the window length. Color represents the depth of the center
of the moving window. Black dots indicate the Lrgy.

Figure 3.8 shows the calculated mean Vp and crack density and the magnitude of relative
gradient errors for those variables as a function of the window length. The color indicates
each depth domain for the moving window. At small window size, erratic variations in both
variables and €, were observed for incremental growth in window size, which is consistent
with sub-REV scales Figure 3.1. At larger window sizes, mean Vp and crack density exhibited
the characteristic REV plateaus, and the variability and magnitude of €, decreased well
below the 0.1 REV criterion (black dots). The Lrgy estimated using the €, < 0.1 visually

corresponded with our assessment of the beginning of the plateau in Vp and crack density,
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3.5. DISCUSSION

suggesting that the criterion is reasonable. This behavior was observed in all cases, meaning
that the crack distribution in Hole GT3A is homogeneous in the scale of 50 m regardless of
the depth intervals. The estimated Lrgy for Vp and crack density were 0.5-3 m and 1-5 m,
respectively Figure 3.9. These values are significantly larger than the typical scale of the
REV determined by laboratory ultrasonic measurements (Miiller et al., 2010). This indicates
that, although the microstructure of the pore space of oceanic crustal rock is homogeneous
in the millimeter- to centimeter-scales, it can turn heterogeneous in larger scales up to the
meter-scale, and then become homogeneous again in the tens of meter-scales. In other
words, the REV that can represent the macroscopic physical properties, including seismic

velocity with large wavelength (low-frequency), should be derived from the meter-scale crack

distribution.
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Figure 3.9 Boxplots of the length of REV (Lrgy) for P-wave velocity and crack density
that are determined using the criterion of € < 0.1.

3.5 Discussion

3.5.1 Is pore pressure within REV equilibrated or not?

Choosing an appropriate model to predict/interpret seismic velocity, which reflects the pore
structure at the macroscopic scale, requires comparison with the rate of REV loading and
the rate of WIFF across the REV (Guéguen & Kachanov, 2011). Therefore, we calculated
the time for fluid flow to diffuse over the REV length estimated for crack distribution in Hole
GT3A and investigated whether the pore pressure is equilibrated within the REV or not

(i.e., relaxed or unrelaxed) for typical frequency ranges. The time required for the fluid to
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diffuse over a distance L within a rock containing cracks and pores is calculated as:

_ nlL?

T = Ko (3.15)

where 7 is the fluid viscosity, Kq is the drained bulk modulus, and k is the permeability
(Guéguen & Palciauskas, 1994). The critical frequency at which the relaxed/unrelaxed
transition f. occurs can be obtained as an inverse of Equation 3.15:

fo= L (3.16)

T

If the frequency of the elastic wave is greater than f., fluid diffusion in the length L is slower
than the rate of loading, resulting in unrelaxed conditions; if the frequency is less than f,
fluid diffusion is faster than the rate of loading, resulting in relaxed (but unrained) conditions.
According to the crack percolation theory by Guéguen & Dienes (1989), the permeability of

rock containing randomly oriented cracks is given as:

Sw?

where w is the crack aperture, and F' is the electrical formation factor, which is a parameter
representing the geometry of the crack network. We used the values of the formation factor
reported by Akamatsu et al., who measured electrical resistivity under brine-saturated
conditions for the 94 discrete core samples from Hole GT3A. Assuming the typical value of
crack aperture of 1 pm yields the crack permeability of Hole GT3A ranging from 0.31 x 10716
m? to 9.26 x 10716 m? with the mean value of 1.72 x 10~ m2. The drained bulk modulus
K4 was set to 13.6 GPa, as obtained from the estimated Vp (Figure 3.7a). The fluid viscosity
n is taken to be 104 Pa.s, which is plausible for in situ crustal conditions (Pimienta et al.,

2018).

Figure 3.10 shows the critical frequencies calculated from the possible range of permeability
as a function of the REV length (hatched blue line). Under conditions above the blue line, the
pore pressure within the REV is unrelaxed where the effective medium theory can be applied,
whereas, under conditions below the blue line, the pore pressure within the REV is relaxed
(but undrained) where the poroelastic theory can be applied. Note that the red-colored region
denotes the range of wavelengths greater than REV, in which no effective elastic constants can
be obtained because the rock cannot be considered a homogeneous medium. The remaining

region is primarily divided into five domains, denoted by A-E. The domains A, B, and C are
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recognized as situations based on the conventional scale of REV, where laboratory ultrasonic
velocity (10°-10° Hz), borehole sonic velocity (10310 Hz), and seismic velocity (10°-10% Hz)
“see” the millimeter- to centimeter-scale microstructure extending homogeneously over the
scale of each wavelength. The ultrasonic velocity reflects unrelaxed elastic moduli, whereas
the seismic velocity reflects relaxed moduli. The sonic logging velocity coincides with the
transition between unrelaxed and relaxed conditions. However, our analysis using MSCL-W
data of the continuous core sections from Hole GT3A suggests that the actual scale of REV
in terms of crack distribution can be up to the meter-scale in the oceanic crust. Based on
those estimates, the pore pressure conditions within the REV in the oceanic crust against
the sonic and seismic velocities can be expressed as the domains D and E, respectively. This
suggests that the fluid flow cannot follow the rate of the loading and hence the observed
velocities reflect the unrelaxed elastic moduli even for the seismic frequency, inconsistent

with the conventional interpretation of seismic velocity.
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Figure 3.10 Critical frequency at which unrelaxed /relaxed transition occurs in a cracked rock
as a function of the length of REV. The red-colored region denotes the range of wavelengths
greater than REV. The remaining region is divided into five domains denoted by A-E, based
on the Lrgyv and the typical frequencies.
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3.5.2 Influence on prediction/interpretation of seismic velocity of

oceanic crust

Based on the typical microscopic REV, the undrained conditions have been implicitly assumed
for the prediction and interpretation of low-frequency elastic wave velocity (Fortin & Guéguen,
2021). The undrained elastic moduli (Kuq and Gyuq) can be given by Gassmann’s equation

(Gassmann, 1951) as:
B*K;

Kog = Kq+ —2 20
SR

(3.18)

and

Gua = Gy, (3.19)

where K4 and G4 are the drained bulk modulus and shear modulus, respectively; ¢ is the

porosity; Kt is the fluid bulk modulus; and S is the Biot’s coefficient defined as:
B=1—-—. (3.20)

Since the drained moduli can be calculated from Equation 3.5, the undrained moduli can be
determined by the combined use of effective medium theory and Gassmann’s equation (Le

Ravalec & Guéguen, 1996).

On the other hand, based on the scale of REV estimated for crack distribution in Hole GT3A,
the P- and S-wave velocities to be observed in the saturated oceanic crust by seismological
surveys should reflect unrelaxed conditions. The unrelaxed elastic moduli of rock containing

randomly oriented cracks (K, and G,;) can be given by effective medium theory (Fortin et

al., 2007; Kachanov, 1994) as:

Ko hp [ 1Z0) 1) i
=1 1 l1—-—)——-—-1 21
Ky +121/0(+_< 2)1+5 ) (3.21)
and
Gy hp 2 [ o 0 i
=1 1+-|(1——)——-1 22
Gur +1—|—1/0<+5_< 2)1+5 1)’ (3.22)

where the parameter h is a geometric factor for a penny-shaped crack and is expressed as

16(1 — @)

"= 50 wy2)

(3.23)
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and ¢ is a non-dimensional parameter for a penny-shaped crack defined by

- 7TEQOL 1 1
"= i0w) <K - K> ! (3.24)

where Ej is the crack-free Young’s modulus, « is the mean aspect ratio of cracks, and K
is the fluid bulk modulus. The parameter § is referred to as the saturation parameter and
determines the contribution of fluid to the effective bulk modulus (Benson et al., 2006; Fortin

et al., 2011; Schubnel et al., 2006).
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Figure 3.11 (a) P- and S-wave velocities and (b) Vp/Vs as a function of crack density. Blue
and red lines denote the values under unrelaxed and undrained conditions, respectively. Solid
and open circles denote the values calculated with aspect ratios of 0.001 and 0.01, respectively.
The range of crack density at the REV scale is shown as gray areas. The calculation was
based on the DEM method.

Figure 3.11 shows the P- and S-wave velocities modeled for unrelaxed and undrained
conditions as a function of crack density using Equation 3.18 with the DEM scheme. The
crack aspect ratios are set to the typical values (1073 and 1072), and the crack-free parameters
were taken to be the mean values of V¥ and Vg determined from the mineral abundances of
Hole GT3A. The modeled Vp at a given crack density is higher under unrelaxed conditions
than undrained conditions for both aspect ratios. This can be attributed to the elevated pore
pressure, which serves to elastically stiffen the crack, under relaxed conditions as opposed to
undrained conditions. A similar trend is modeled for shear wave velocity (Vg), however, its

reduction is more pronounced under undrained conditions than under unrelaxed conditions, as
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Gassmann’s equations predict that pore water does not affect shear modulus. Consequently,
the ratio of P-wave velocity to S-wave velocity (Vp/Vs) under unrelaxed conditions may
be relatively lower than that under undrained conditions, despite being higher than when
fluid is absent. This implies that the interpretation assuming undrained conditions may
lead to an underestimation of the crack density inferred from the observed Vp/Vg in seismic
surveys. Given that range of crack density of Hole GT3A inferred from our analysis can be
extrapolated to in situ oceanic crust, seismic-scale Vp/Vg observed would range from ~2 to
~2.2 under unrelaxed conditions, whereas that for undrained conditions are predicted to be

up to >3.

Note that the MSCL-W data and the computed crack density utilized in this study are based
on ambient pressure conditions. As previous laboratory experiments have demonstrated,
cracks with small aspect ratios tend to close under in situ pressure conditions in the ocean
crust (Christensen, 1984; Hatakeyama et al., 2021; Nagase et al., 2022). In such a case,
the permeability would be significantly reduced (Christensen & Ramananantoandro, 1988;
Katayama et al., 2012), and the WIFF may be even suppressed, resulting in a more unrelaxed
system. Meanwhile, care must be taken that the heterogeneity of the crack distribution itself

may be altered with crack closure.

Despite the depth at which the pressure is high enough to close cracks, many seismic surveys
have found anomalously high Vp/Vs up to ~3.0 at low-velocity zones in the interior of the
subducting oceanic crust (Audet & Biirgmann, 2014). These anomalies possibly indicate
the significantly low effective pressure that is enough high to remain the cracks open (i.e.,
extremely high pore pressure close to the lithostatic pressure). Since the effective pressure
largely controls the rock’s rheological properties, it has been suggested that such high Vp/Vs
and the seismic activity at subduction zones are linked (Saffer & Tobin, 2011). Pimienta et al.
(2018) suggested that the observed high Vp /Vgs anomalies can be related to highly damaged
rock with undrained pore pressure conditions, based on their laboratory measurements of
frequency-dependent elastic moduli. However, our analysis implies that the REV in terms of
microcracks in the oceanic crust can be unrelaxed conditions even for low-frequency seismic
velocity. The unrelaxed Vp /Vs expected for Hole GT3A is ~2.2 at most, which is much lower
than the anomalies observed at subduction zones. This discrepancy indicates that a much
high crack density may be needed to account for the observed seismic anomalies. Otherwise,
the structure of the microcrack network related to brittle fracturing within the subducting

crust could be markedly homogeneous extensively.
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We evaluated the heterogeneity of the pore structure of Hole GT3A in terms of microcracks
that can be captured by ultrasonic measurements. However, natural geological systems likely
contain multiple scales of porosity structure and hence multiple scales of heterogeneity in
addition to that of microcracks (Bailly et al., 2019; Ringrose et al., 2008). Indeed, the cores
collected from Hole GT3A commonly contain millimeter-scale mineral veins, that can be
interpreted as fractures that once acted as fluid pathways within the oceanic crust (Kelemen
et al., 2020d). Assuming the typical aspect ratio of those fractures to be 10 (van Everdingen,
1995), the length of such large-scale fractures can be as much as several meters. The scale of
heterogeneity of those fracture distributions may be a few orders of magnitude larger than
that of microcracks (Bailly et al., 2019). Meanwhile, such fractures can have much larger
effective permeability as much as 10* m? (Akamatsu et al., 2023), because permeability
strongly depends on the size of the fracture (Guéguen & Palciauskas, 1994). Given such
high permeability, pore pressure conditions in terms of the large-scale fractures would be
undrained if its scale of REV is less than several tens of meters, whereas that for microcracks
is still unrelaxed. This could imply that the presence of large-scale fractures in addition
to microcracks may lead to much high Vp/Vg, even if their population is relatively minor

compared with that of microcracks.

3.6 Conclusions

Analyses of the depth variation of continuous Vp data measured during the Oman Drilling
Project revealed that the scale of heterogeneity of microcrack structure in the oceanic
crust is on the order of a few meters. Based on the permeability calculated from the
microcrack geometry parameters, the elastic wave velocities observed by borehole logging and
seismic surveys possibly reflect elastic moduli under unrelaxed conditions, in contrast to the
conventional interpretation. In such cases, the degree of crack damage inferred from Vp/Vs
anomalies observed at subduction zones, may be underestimated. Although our calculations
are simplified and involve many assumptions and uncertainties, they can be applied to other
borehole data, facilitating the evaluation of the heterogeneity of various physical properties

in different tectonic settings.
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Chapter 4

Paleo-permeability structure of
the crustal section of the Samail
ophiolite inferred from vein
geometry

4.1 Introduction

Water transported into an oceanic plate plays a key role in various geochemical and geophysical
processes, such as global transfers of mass and heat (Miiller & Dutkiewicz, 2018; Stein &
Stein, 1994) and magmatic and seismic activities at subduction zones (Hacker, 2008; Peacock,
2001). The water is supplied mainly through fractures and faults in the oceanic crust that are
formed by tectonic and thermal stresses (Faccenda, 2014; Korenaga, 2007). It is, therefore,
important to characterize fractures in the interior of the crust if we are to understand fluid

behavior in the oceanic lithosphere.

Permeability is a measure of the ease of fluid flow in a rock, and it is an important physical
property for constraining the flow rate and mechanism of fluid circulation in oceanic plates
(Guéguen & Palciauskas, 1994). To investigate the influence of fractures on the permeability
of oceanic crust, measurements of permeability have been conducted in the laboratory using
oceanic crustal rocks (e.g., Brett-Adams et al., 2021; Christensen & Ramananantoandro,
1988; Gilbert & Bona, 2016; Katayama et al., 2012). These laboratory experiments yielded
values for the permeability of intact basaltic and gabbroic rocks ranging from 1022 m?

to 10716 m? under crustal pressure and temperature conditions. These values are several

orders of magnitude lower than those obtained directly from borehole measurements in actual

65



4.1. INTRODUCTION

oceanic crust and indirect estimates based on numerical models (1071810 m?, Fisher, 1998).
The discrepancy between laboratory and in situ measured permeabilities is possibly related
to differences in the scale of measurements and hence the scale of fractures, and relatively
large-scale fractures can control the fluid flow in actual oceanic crust (Guéguen et al., 1996;
Schulze-Makuch et al., 1999). However, measurements of in situ-scale permeability using
boreholes have been limited to the uppermost oceanic crust because of the difficulty of deep
seafloor drilling and sampling, and the permeability structure of deeper parts of the oceanic

crust is poorly understood.

Knowledge of water—rock interactions in deep oceanic crust can be obtained from ophiolites,
which are fragments of ancient oceanic lithosphere that have been tectonically obducted
onto continental margins. The Samail ophiolite is the most extensive and best-exposed
cross-section of oceanic lithosphere (Nicolas et al., 2000), and it exposes complete sections
from sediments and pillow lavas to mantle peridotite. Various geological and geochemical
studies conducted on the Samail ophiolite have revealed that the hydrothermal circulation of
seawater-derived fluids was important, even down to the lower oceanic crust as well as in
the upper crust (Bosch et al., 2004; Coogan et al., 2006; Manning et al., 1996; Zihlmann et
al., 2018). To reach a better understanding of the nature of the subsurface hydrothermal
processes preserved in the Samail ophiolite, continuous cores through the crustal section
to the mantle section of the ophiolite were recently sampled with a recovery rate of ~100%
during the Oman Drilling Project of the International Continental Drilling Program (ICDP).
The cores collected from crustal sections during the Oman Drilling Project commonly contain
macroscopic mineral veins that are filled with minerals such as epidote and calcite (Kelemen
et al., 2020b, 2020c, 2020d). These veins can be interpreted as fractures that once acted as
fluid pathways. Therefore, by examining the distribution and geometry of these veins, we

can estimate the paleo-permeability of these core samples (Gilbert et al., 2018).

For this study, we developed a new method of automatically detecting veins in the the drilled
core samples using 3-D X-ray Computed Tomography (XCT) images. XCT imaging enables
nondestructive observation of the internal structures of materials, and it has recently been
introduced to the field of Earth sciences (e.g., Baker et al., 2012; Godel, 2013; Gupta et
al., 2019; Ohtani et al., 2001; Okazaki et al., 2021). Using our newly developed method,
we investigated the spatial abundance and geometry of veins in the core samples collected
from Oman Drilling Project Holes GT1A, GT2A, and GT3A, which correspond to the upper
to lower crustal sequences of the Samail ophiolite. Applying the geometric data for the

detected veins to the equivalent channel model (Walsh & Brace, 1984) and permeability
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tensor theory (Oda, 1985), we estimated a first-order approximation of the maximum model
permeability structure for the deeper parts of the oceanic crust when the veins were acting

as fluid conduits.

4.2 Drill Holes and Core Samples

We analyzed core samples of the Samail ophiolite from boreholes GT1A, GT2A, and GT3A of
the Oman Drilling Project (Table 4.1). Hole GT1A was drilled vertically through the layered
cumulate gabbro section of the lower crustal sequence of the ophiolite (Figure 4.1a,b). At the
outcrop near Hole GT1A, a hydrothermal fault cuts across the hole at a depth of ~200m with
a dip angle of 54°+9° (Zihlmann et al., 2018). Hole GT2A penetrated the transition zone
from upper foliated gabbro to lower layered gabbro that makes up the middle- to upper-parts
of the plutonic sequence of the ophiolite (Figure 4.1a,c). Hole GT3A was drilled through
the sheeted dike section to the gabbro section, which corresponds to the transition from
the upper crust to the lower crust (Figure 4.1a,d). Hole GT3A was drilled perpendicular to
the ground, and the transition zone of the sheeted dike and underlying gabbro dips gently
(~30°) toward the southeast. The cores from these boreholes have undergone hydrothermal
alteration, and hydrothermal veins are found throughout the core sections (Kelemen et al.,

2020a).

Table 4.1 Drill-hole information

Number of core

Hole Lithology Total depth (m) sections?®
GT1A Layered cumulate gabbro 400 548 (500)
GT2A  Foliated to layered gabbro transition 406 541 (521)
GT3A  Sheeted dike to gabbro transition 403 545 (502)

& Numbers in parentheses are those used for our analyses.

All core samples collected during the Oman Drilling Project were scanned using a medical
XCT scanner (Discovery CT 750HD, GE Medical Systems) before various descriptions and
measurements were taken onboard. This technique allowed for non-destructive examination
of the internal structure of the cores. All XCT data were obtained using an excitation voltage
of 140 kV and a current of 100 mA in the X-ray tube (X-ray source), and with resolutions of

0.176 mm/pixel for the directions perpendicular to the core axis (X and Y directions) and
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Figure 4.1 (a) Stratigraphy of crustal sections of the Samail ophilite from boreholes of
the Oman Drilling Project. Hole GT1A penetrated the layered cumulate gabbro section of
the lower crust; Holes GT2A penetrated foliated gabbro to layered gabbro, representing the
middle of the crust; and Hole GT3A penetrated the sheeted dike—gabbro transition zone,
which corresponds to the upper—lower crust transition. (b—d) Cross-sections along the trends
of Holes GT1A, GT2A, and GT3A. Hole GT1A was drilled to intersect the Zihlmann—Miiller
Fault Zone (Zihlmann et al., 2018).
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0.625 mm/pixel for the direction parallel to the core axis (Z direction). Details of the XCT
scanning method are summarized in the initial report of the Oman Drilling Project (Kelemen
et al., 2020a). Figure 4.2a shows an example of a volume-rendered 3-D XCT core image
(GT3A 36Z-2), and Figure 4.2b, ¢ shows the X-Z and Y-Z slice images. Colors indicates the
Computed Tomography (CT) number of each voxel and pixel, which is defined as follows:

CT number = 22— #1000, (4.1)

Hw

where pi; is the linear attenuation coefficient (LAC) of the target material and p,, is the LAC
of water. When an X-ray of incident intensity I passes through a homogeneous material of

thickness L, the transmitted intensity I decays as follows:
I=1yxe ", (4.2)

A reference material was used for quality control (QC) and comprised three layers of air,
water, and aluminum that made up a telescope-shaped cylinder with six steps (1-6 cm in
diameter). The QC material was scanned after air calibration to check that the CT numbers
were within QC ranges of -1008 < CT number < -1002 for the air layer, -2 < CT number <
7 for the water layer, and 2416 < CT number < 2499 for the aluminum layer. The LAC
is a function of the chemical composition and density of the target material (Godel, 2013),
which meas that XCT imaging provides information not only about density but also about
the chemical composition of the cores. According to the shipboard descriptions, the cores
of the GT sites are composed mainly of plagioclase and pyroxene, but the veins are filled
with secondary minerals such as chlorite and epidote (Kelemen et al., 2020d). The veins are
recognized in the XCT images as parts with CT numbers that differ from those of surrounding

material (Figure 4.2).

4.3 Automated vein detection in 3-D X-ray CT images

4.3.1 Procedure of vein detection from XCT core images

The minerals that fill the veins have chemical compositions that differ from those of the
matrix, so we can expect these differences to be observed in the differences in CT number
(gradient) in the XCT images. Therefore, we used the gradient in CT numbers to detect the
veins from the XCT core images. Planar features such as veins and fractures in the cylindrical

core specimens appear as sine curves in an “unwrapped” image of the core (Figure 4.3a).
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Figure 4.2 Example of X-ray Computed Tomography (XCT) images of core section 36Z-2
from Hole GT3A. (a) 3-D XCT image. (b, ¢) 2-D X-ray CT images along the X7 and Y-Z
planes. (d) Unwrapped image generated from the center of the core cropped in a circle with
a radius of 100 pixels (diameter of 35.2 mm, white dashed lines). The region of interest
(ROI) is selected so that the core is cylinder-shaped.
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The geometry and attitude of such features can be determined by identifying the parameters
of the sine curve. Such a method is commonly applied to detect fractures in the image
of a borehole wall (e.g., Al-Sit et al., 2015; Assous et al., 2014; Taibi et al., 2019). Based
on these standard approaches, we developed a new method of detecting planar geological
features, including veins and fractures, in the XCT core images. To reduce problems of
human interpretation and computational time, we fully automated the proposed method
by using an iterative adaption of the two-step Hough transform combined with multiscale
Hessian filtering for identifying an elongate structure. A block diagram illustrating the
proposed method is shown in Figure 4.3b, and each step is described in detail in the following

sections.

(@)

vein / fracture \‘/ ””””

No candidate edge

Baseline (y,)
detection

3-D XCT image > Unwrapping > Edge detection | Morpholggical
operations

Aperture and CT
number calculation

2-D (A, 8)
Hough transform

Edge spreading

Edge removal  [<— > Threshold

Figure 4.3 (a) Illustration showing a vertical cylindrical core with a dipping planar feature
such as a vein or fracture and its appearance in the unwrapped image. (b) The flow chart of
the automated vein detection process.
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4.3.1.1 Edge extraction

First, an unwrapped image is prepared from a 3-D core CT image (Figure 4.2d). To remove
the CT hardening effect, which is an effect where the CT number appears artificially high
at the boundary between two materials with extremely different CT numbers (such as
the boundary between air and minerals), the unwrapped image was generated from the
cylindrical-shaped region cropped with a radius of 100 pixels, which is equivalent to a
diameter of 35.2 mm (Figure 4.2). Next, multiscale Hessian matrix filtering was applied to
the unwrapped image to extract vein-like regions. The Hessian matrix is a square matrix
containing second-order partial derivatives of the input image data, and it can roughly
distinguish lines, grains, and planes using eigenvalues (Jerman et al., 2015, 2016). Multiscale
Hessian filtering has been used to detect fractures in rocks from micro-CT (nCT) images
(e.g., Voorn et al., 2013). The filter was implemented in MATLAB-code by Jerman (2017)
and by applying it to a CT image, the likelihood of each pixel being a vein (likeness of vein)
is expressed as a value between 0 and 1 (Figure 4.4b). Then, a binary image is created by
extracting pixels with a high likeness of vein (Figure 4.4c) based on a percentile method in
which the pixels are extracted in order from that with the highest (or lowest) value until
the total number of extracted pixels reaches the specified percentage. Because the volume
fraction of the vein to the whole core can be up to 6% (Kelemen et al., 2020a), we defined
the threshold as 6% of the total image area. Finally, we applied some post-processing steps
to the binarized image to remove noise and uncertain edges (Figure 4.4d). We applied some
morphological operators to remove noises, skeletonize the binary image (i.e., thinning), and
prune small spurs that appear on the skeleton by using the bwpropfilt, bwskel, and bwmorph
functions of the MATLAB Image Processing Toolbox.

4.3.2 Vein detection using the iterative two-step Hough transform

The exact shape of edge segments that correspond to veins/fractures is found using a pattern
recognition technique that fully characterizes the sine curves. The Hough transform is
a well-established method for detecting complex patterns of points in binary image data,
allowing us to determine the parameters that characterize the patterns even in the presence
of noise, extraneous data, and occlusions (Al-Sit et al., 2015). A successful application of
the Hough transform requires clear knowledge of the type of curve being sought, so that an
analytical relationship between the image and the parameters of the transform space can

be obtained. The shape of a planar rock discontinuity appears as a sinusoid expressed as
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Figure 4.4 Example of edge extraction process of core section 36Z-2 from hole GT3A. (a)
Original unwrapped CT image. (b) Results of the multi-scale Hessian filtering (Jerman et
al., 2015). (c) Binarized image. (d) Edges filtered by several morphological operations which
remove noises and extra pixels.
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follows:

y = Asin(wz + 0) + yo, (4.3)

where A is the amplitude, yg is the baseline position, w is the angular frequency, and 6 is
the phase (Figure 4.3a). Note that w = 27/T, and T is the image width (565 px). As w is
constant in the core image, the sinusoidal features can be fully captured by specifying A, 6,
and yo. In this case, the Hough transform can be interpreted as a one-to-many mapping from
binary image points (x,y) to the parameter space (A, 8, yo), which is equivalent to computing
the parameters of all sine curves belonging to the set passing through any given image point
(Al-Sit et al., 2015). To increase the computational efficiency and make interpretation of
the results easier, we developed a method of performing automated vein detection from
XCT images using an iterative two-step Hough transform based on the method proposed by
Changchun & Ge (2002). In this method, yo is first determined by a search strategy that
utilizes the symmetry of a sine curve, and then the Hough transform is performed in two
dimensions (A, #). The novelty of our method is to perform these processes iteratively for
each vein candidate one by one, which allows us to detect the veins efficiently while avoiding

false positives. The specific steps are as follows:

1. Start with the binary image generated at the edge detection stage (see section 3.2) or
step 12 described below. If the number of edge candidates is less than a threshold that
should be chosen in advance, the calculation is finished.

2. Prepare a 1-D accumulator array for yg, the length of which is the same as that of the
binary image, and initialize all elements to zero.

3. For an edge point p; with coordinates (z,,,yp,) in the binary image, find edge points
p2 (Tp,, Yp,) that are T/2 away from p; on the x-axis (Figure 4.5a).

4. Point C is selected as the average between points p; and py, where the vertical
coordinate y¢ is calculated from yc = (Yp, + Yp,)/2. According to the symmetry of a
sine curve, the point C happens to fall on the baseline of the sine curve that passes
through points p; and ps, and values of yo are the same for all pairs of points on a
curve. Therefore, the vertical component of C' can be used to represent the baseline yg.

5. Increment the accumulator element corresponding to the determined yc by one.

6. Loop steps 3-5 until all edge points are computed. The offsets where sine curves are
likely to be present appear as peaks in the accumulator (Figure 4.5b).

7. Pick one peak with the highest value, which should be higher than a predetermined
threshold, and set the yo of the peak as a candidate offset yg, which is used in the
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next set of calculations (Figure 4.5¢). The remaining peaks will be picked in the next

loops. If there are no peaks beyond the threshold, finish the calculation and output

the detection result.

200

1200

l”

400

/ K| S

800

=

1000

| Al

0

100 200 300
Count

Length (px)

400t
600f —— 4
x

800

1000

200f

Determined
baseline y,

fo]
100

300 500
Azimith (px)

400

Hough

200F

©

Transform
(A, 6) B
=) £ 600f f\ -]
T
| Determined
sine curve
800
1000} o
1200— L L
100 300 500
Azimith (px)

Figure 4.5 Example of detecting a sine curve in the binarized image. (a) Sine curve with
selected points p; and ps. (b) 1-D accumulator space for locating the baselines. The red
circle represents the highest peak, which is used for the following steps. (c) Original binary
image with baseline (yo) determined by peak selection from the accumulator. (d) Sine curve
determined using the 2-D Hough transform and gy from in the previous step.

Then, by using the determined candidate offset yq, the two-dimensional Hough transform

into (A, 0) space is performed as follows:

8. Map each edge point in the binary image into (A, #) parameter space (Figure 4.6a) by

A_

__ ¥~
sin(wz + 6)’

(4.4)

where x,y are the coordinates of the edge point, 0 < A < Apax, and 0 < 0 < 27, Apax

should be chosen in advance.

9. Divide the parameter space into discrete accumulator cells and then increment the

value of the cell through which the (A, 0) curve passes by one (i.e., voting). This

process is performed for all edges. As a result, each cell in the parameter space has the

value of the number of times that the curves have passed through it (Figure 4.6b). The

coordinates of the cell with the highest value in the parameter space (A*, 6*) correspond

to the amplitude and phase of the sine wave in the original image (Figure 4.5d).

10. Although most targets can be detected by simply selecting the maximum highest value
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of the accumulator surface, this can sometimes lead to false results in more complex
and noisy images. To eliminate false peak detection, calculate the Edge spreading for
each detected sine curve, which represents the total number of pixels along a sinusoid
and is a measure of how long the edge candidates spread in the core circumference.
Here, we define false positives as those where the Fdge spreading was less than about
two-thirds of the width of the image.

11. If the detected edges are positive, calculate the average aperture and CT number of
the vein/fracture using the method described in the following section.

12. Remove these edges from the original binary image so that they will not be used in the
next round of calculations. This allows efficient picking of positive peaks one by one
while avoiding false positives that appear in noisy images.

13. Return to step 1.

300
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Figure 4.6 Example of the two-dimensional Hough transform. (a) Result of mapping from
the binary image to (A4, ) space using Equation 4.4. (b) Result of inclementing the value of
the cell through which the (A, ) curve passes by one (i.e., voting). The coordinates of the
cell with the highest value in the parameter space (A*, 6*) correspond to the amplitude and
phase of the sine wave in the original image.

4.3.3 Determination of vein geometry and CT number

For veins with detected edges are positive (step 11 of the previous section), the aperture and
CT number of the vein/fracture are determined using the binary and CT images. First, the
region of interest (ROI) is set as a region with a width of 20 pixels along the determined
sine curve. Then the distribution of the CT numbers of the pixels that were extracted as
the edges in the ROI are examined. We define the average CT number of these edges as
the CT number of the vein/fracture (fivein/fracture). The fraction of pixels with CT numbers
less than 1000 is also calculated; if the fraction is less than 1% it is considered to be a vein,

whereas if it is greater than 1% it is considered to be a fracture. Note that the value of 1000
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as a threshold value is based on the fact that a pixel (i.e., mixel) with half air (CT number
of -1000) and half mineral (CT number of 3000) regions will have a CT number of 1000. The
veins with a CT number greater than the matrix values are defined as High-CT (HCT) veins,
whereas those with lower CT numbers are defined as Low-CT (LCT) veins. The average
aperture of the vein/fracture is then calculated by dividing the number of pixels in the ROI
whose CT number is within fiyein /fracture = 10 by the arc length of the sine curve. Because
this value is the apparent aperture in the vertical direction (Z-axis direction) of the tilted

vein/fracture (Figure 4.3), we calculate the true value of aperture ¢ as follows:
t =tcosp, (4.5)

where  and ¢ are the apparent aperture and dip angle of the vein/fracture, respectively.

The apparent dip angle of the vein/fracture across the cylindrical core is calculated by

1) = arctan (2:1> , (4.6)

where A is the scaled amplitude of the vein/fracture, and r is the diameter of the cropped

core (35.2 mm).

4.4 Application to the core samples from GT site of the

Oman Drilling Project

4.4.1 Results of vein detection

The newly developed method was applied to the X-ray CT images of core sections of the
Samail ophiolite sampled during the Oman Drilling Project (Holes GT1A, GT2A, and GT3A).
Although ~550 core sections were sampled for each hole and their CT images taken for
shipboard descriptions, some of these cores are highly fractured, and only fragments are left.
Therefore, we used only those parts of the cores that retain a cylindrical shape. The number
of the analyzed cores is >500 for each borehole (Table 4.1). The parameters determined for

all analyzed cores are summarized in the Supplementary Material (Data Set S1).

Figure 4.7 shows representative results of the vein detection for each hole. The red, blue, and
white dashed lines represent the detected LCT veins, HCT veins, and fractures, respectively.
The veins and fractures that appear continuously and clearly in the unwrapped images

were successfully detected, even if they intersect. In contrast, tubular features that are
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partially interrupted, blurred, or not appearing as a clear sine curve were not detected as

veins/fractures.
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Figure 4.7 Examples of the results of the automated vein detection method applied to core
sections collected from Holes GT1A, GT2A, and GT3A of the Oman Drilling Project. Red,
blue, and white dashed lines represent LCT veins, HCT veins, and fractures, respectively.

Table 4.2 Summary of vein detection.

Hole Number of vein Vein density (m™) Median aperture (mm)

HCT LCT HCT LCT HCT LCT
GT1A 63 449 0.16 1.11 1.03 0.73
GT2A 81 361 0.20 0.89 1.50 0.74
GT3A 45 571 0.11 1.43 1.39 0.71
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In each hole, 45-81 HCT veins were detected, and the vein densities for the entire hole range
from 0.11 to 0.20 (Table 4.2). In addition, 361-571 LCT veins were detected in each hole,
with vein densities ranging from 0.89 to 1.43, and these densities are much higher than those
of the HCT veins. The histograms of the CT numbers of the veins/fractures for each hole are
shown in Figure 4.8. The CT numbers of the HCT veins are range from 3400 to 4800 with a
peak at ~4000 for each hole, whereas the CT numbers of the LCT veins range between 1500
and 3300. Both the HCT and LCT veins appear to be a superposition of a few Gaussian
distributions. The distribution of the vein CT numbers reflects differences in the secondary
minerals that fill the veins, in which the peaks can represent their principal minerals and
the variance of the distribution can represent the variations in mineral combinations. The
wide and multimodal CT number distribution of the detected veins can be related to various
mineral parageneses. Note that veins with a mean CT number of ~3400, which is a number
similar to those of the matrix minerals, were not detected because it would difficult to
distinguish them on CT images. Fractures also show some peaks, and the ranges of their
CT numbers are much wider, with a minimum of 0 and a maximum of 3000, which partly
overlaps those of the LCT veins. Because it is difficult to distinguish between fractures
formed during drilling and those that had formed previously in theoceanic crust, and because
the apertures do not always retain their original state, the results for the fractures will not

be described or discussed in the following sections.
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Figure 4.8 Histograms of the CT numbers of veins and fractures for Holes GT1A, GT2A,
and GT3A of the Oman Drilling Project.

The spatial occurrence and pervasiveness of the HCT and LCT veins differ (Figure 4.9).
The HCT veins are distributed sporadically in the boreholes, and the positions of major
fault zones (Kelemen et al., 2020b, 2020c, 2020d) coincides partly with the HCT veins. This
suggests that the fluid flow of the HCT vein system can be related to specific zones of faulting

79



4.4. APPLICATION TO THE CORE SAMPLES FROM GT SITE OF THE OMAN
DRILLING PROJECT

in the oceanic crust. Meanwhile, the LCT veins are pervasive in the boreholes,implying
that the LCT vein system was associated with widespread fracturing events that occurred

throughout the oceanic crust.
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Figure 4.9 Depth variations of vein densities calculated for every 1 m (thin lines) and 10 m
(thick lines). The major fault zones in each of these boreholes of the Oman Drilling Project
(Kelemen et al., 2020b, 2020c, 2020d) are also shown.

4.4.1.1 Geometry of the veins

Figure 4.10 shows the histograms for the vein apertures of each vein type and borehole. Both
types of veins have a distribution skewed toward thinner veins and they both show a single
peak. The median values of the HCT and the LCT vein apertures are 1.0-1.5 mm and ~0.7
mm, respectively (Table 4.2). A similar distribution was reported for dikes in the drilled
cores recovered from the sheeted dike complex of the Pacific plate (Tominaga et al., 2009),

although its size is three orders of magnitude larger than the size of the HCT and LCT veins.

Because the cores from the Oman Drilling Project are partially contiguous on a scale of as
much as several tens of meters between breaks in the core, the core orientations are not
always consistent for different depth domains (Kelemen et al., 2020d). Therefore, to compare
the three-dimensional orientations of the HCT and LCT veins, we captured the clustering of
strike and dip angles for each vein type in the vertically contiguous intervals by performing
lower hemisphere projections of poles of the veins (Figure 4.11). The stereographic projections
were performed at depths of 307-353 m for Hole GT1A, 152-240 m for Hole GT2A, and 23-57

m for Hole GT3A. Because these contiguous sections are not rotated to true north, there
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Figure 4.10 Histograms for the widths of HCT and LCT veins in Holes GT1A, GT2A, and
GT3A of the Oman Drilling Project.

is no geographic significance. In Hole GT1A, the HCT and LCT veins cluster in directions
orthogonal to each other, with the HCT veins at relatively steeper dip angles (~602) than the
LCT veins. A similar situation is observed for the results of Hole GT3A. Moreover, the HCT
veins in Hole GT3A tend to be aligned in the same orientation as the dikes recognized in the
same depth domain, and they are therefore possibly related to magmatic/tectonic activities
near the mid-ocean ridge (Kelemen et al., 2020d). Hoever, the orientation of the LCT veins
differ from those of the dikes. Meanwhile, in Hole GT2A, the clusters of the HCT and LCT

veins are similar in their orientations.

Note that, because the probability that a particular vein (or fracture) is intersected by a
borehole depends on its orientation, sampling of planar discontinuities intersecting the core
creates a bias in the apparent abundance of the orientations (Martel, 1999; Massiot et al.,
2012; Terzaghi, 1965). For example, veins that are subparallel to the borehole axis are less
likely to intersect the borehole, leading to a systematic underestimation of the sample size
of such veins. Applying a statistical weighting factor that depends on the orientation of
the vein to correct the sampling bias predicts that more than twice as many veins with dip
angles of >60° may exist than detected before nay such correction (Priest, 1993; Terzaghi,

1965). Therefore, care must be taken to allow for the possibility that the number of veins
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GT1A GT2A GT3A
(307-353 m) (152-240 m) (23-57 m)

HCT veins

LCT veins

Figure 4.11 Contoured stereoplots for the HCT and LCT veins identified in the representative
contiguous intervals in Holes GT1A, GT2A, and GT3A of the Oman Drilling Project. The
points plotted are poles to the veins, and N is the number of veins. Because these contiguous
sections are not rotated to the true north, there is no geographic significance. For GT3A, the
orientation of dike intrusions identified in the same depth domain is plotted for comparetive
purposes.

82



4.4. APPLICATION TO THE CORE SAMPLES FROM GT SITE OF THE OMAN
DRILLING PROJECT

with high dip angle shave been underestimated.

4.4.2 Comparisons with previous studies

To understand the mechanisms of hydrothermal circulation in oceanic crust, several reseach-
ers have described the characteristics of hydrothermal veins in ophiolites, including their
distribution, shape, orientation, and mineral content (Nehlig & Juteau, 1988; Nicolas et al.,
2000; van Everdingen, 1995). Also, core samples from the Oman Drilling Project were split
into two halves after the XCT scanning, and the preliminary data, including the number of
veins, vein-filling minerals, and two-dimensional orientations were obtained onboard D/V
Chikyu (Kelemen et al., 2020b, 2020c, 2020d). In this section, we first compare the geometric
information for the detected veins in the core samples of the Oman Drilling Project with

data from the literature, and we then discuss the origin of each vein system.

4.4.2.1 Vein density and aperture

Nehlig & Juteau (1988) described the hydrothermal veins in the crustal section of the Samail
ophiolite, and they reported that the veins filled with epidote, zoisite, and amphibole in
the sheeted dike sections have apertures of 2 mm and the vein densities (i.e., the inverse
of spacing) of 0.5-10 m™!, while in the undelying gabbro sections the aperture are 1-5 mm
and the vein densities are <0.5 m™'. A similar range of vein apertures and densities was
determined for the sheeted dike complex of the Troodos ophiolite, Cyprus (van Everdingen,
1995). These values of vein density and aperture are similar to those we estimated from
the XCT images of the drilled cores (Table 4.2). Meanwhile, the shipboard descriptions of
the cores of the Oman Drilling Project identified more than 10,000 veins for Holes GT1A,
GT2A, and GT3A (Kelemen et al., 2020b, 2020c, 2020d), and the average vein densities are
much larger than those of the veins detected in our study (Figure 4.12). This discrepancy
may be due to the size of the veins and the resolution of the XCT images. The resolution of
the XCT images we used was 0.625 mm/pixel for the direction parallel to the core axis (Z
direction), and veins with a width smaller than this value cannot be recognized as pixels
where the CT number is different from the surrounding material. This problem possibly led
to our underestimating the abundance of veins. Indeed, the shipboard descriptions for Hole
GT3A reported that ~80% of the logged veins have a width of <0.6 mm (Kelemen et al.,
2020d), which is not visible in our XCT images. Moreover, our method cannot detect the
veins that are too short to appear as a sine curve on the unwrapped image of a cylinder with

a radius of 100 pixels (corresponding to ~35 mm) from the center of the core, thereby leading
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to an underestimation of the number of the veins. However, the contribution of such short,
narrow veins to the bulk permeability of the cores is small relative to that of larger veins,
because the fracture permeability depends mainly on the scale of the fluid conduit (Gilbert

et al., 2018).
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Figure 4.12 Comparison of the 10 m average vein density obtained from our XCT core
data with that reported in shipboard descriptions of the cores of the Oman Drilling Project
(Kelemen et al., 2020b, 2020c, 2020d).

4.4.2.2 Vein-filling minerals

The shipboard descriptions of the drilled cores from GT site of the Oman Drilling Project
reported that the vein fracture fillings include a wide variety of secondary minerals such as
epidote, chlorite, quartz, prehnite, and calcite, and that these minerals commonly appear
in association with each other (Kelemen et al., 2020b, 2020c, 2020d). For example, the
veins found in Hole GT3A are broadly classified into four parageneses of vein type based
on the crosscutting relations of amphibole, quartz—epidote—chlorite, zeolite—prehnite, and
calcite veins (Kelemen et al., 2020d). Because the CT number reflects the relative density of
the material, the HCT veins probably contain relatively dense minerals such as amphibole,
epidote, and quartz whereas the LCT veins probably contain less dense minerals such as
prehnite and calcite. This was confirmed by comparing the veins we detected with the
representative vein types reported in the shipboard descriptions (Kelemen et al., 2020d), so
that the epdote- and prehnite-rich veins are characterized by CT numbers of ~4200 and ~2500,

respectively. Indeed, prehnite-rich veins have been identified throughout the crust down to
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the crust-mantle boundary in the Samail ophiolite, whereas veins with other minerals are
distributed sporadically in the crust (Nehlig & Juteau, 1988). This is consistent with the fact

that LCT veins are pervasive in each hole but HCT veins are relatively sparse (Figure 4.9).

4.4.2.3 Vein orientations

Systematic observations and measurements of the orientations of hydrothermal veins in the
crustal sequences of the Samail ophiolite have shown that veins that were formed during
on-axis fluid circulations are oriented preferentially along strike in vertical planes (Nehlig
& Juteau, 1988; Nicolas et al., 2000). In other words, they are parallel to the dikes and
perpendicular to the paleo-Moho. The shipboard descriptions for cores of Hole GT3A also
noted that epidote-rich veins tend to show orientations similar to those of the dikes (Kelemen
et al., 2020d). This is consistent with our findings for the HCT veins, which are probably
filled with high-density minerals such as epidote and tend to be aligned parallel to the dikes in
Hole GT3A (Figure 4.11). In Hole GT2A, hydrothermal veins filled with secondary minerals
such as epidote, chlorite, quartz, laumontite, and prehnite tend to be oriented at a dip angle
of ~45°, with their abundance tapering off for lower and higher dips (Kelemen et al., 2020c).
This is consistent with the clusters of moderately dipping angles we detected for HCT and
LCT veins in Hole GT2A (Figure 4.11). Although detailes of the angular distribution of
veins were been reported in the shipboard descriptions for Hole GT1A, we found that the
HCT veins in Hole GT1A are oriented preferentially at an angle of 602 (Figure 4.11), and
this is similar to the orientation of the hydrothermal fault that cuts across the borehole (dip
angle of 54° + 92, Figure 4.1) and contains a chlorite—epidote-rich gouge (Kelemen et al.,

2020b; Zihlmann et al., 2018).

4.4.2.4 Origin of the veins

According to petrological observations and analysis of the veins in the Samail ophiolite, the
veins that contain minerals such as epidote and quartz belong to the earliest vein system
that was formed during the circulation of high-temperature hydrothermal fluid near the
ridge. The veins that contain prehnite and calcite belong to later vein systems that were
formed by lower temperature off-axis circulating hydrothermal fluids (Nehlig, 1994; Nehlig
& Juteau, 1988). Based on these lines of evidence, the HCT vein system probably belongs
to a high-temperature early vein system that formed near the ridge, whereas the LCt veins
probably belong to a later lower-tempareture system of veins that formed away from the

ridge. Because the HCT veins tend to be localized near major fault zones and preferentially
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oriented parallel to dikes and hydrothermally-altered fault zones, the HCT veins probably
reflect the flow directions of fluids related to magmatic and/or tectonic activity close to
the mid-ocean ridge. On the other hand, except for Hole GT2A, the LCT veins tend to
show spatial distributions and orientations that differ from those of the HCT veins, and this
may indicate that the fluid flow associated with subsequent fracturing in a stress field that
differed from that near the ridge, and some of this fracturing may represent thermal cracking

(Korenaga, 2007).

4.5 Estimation of paleo-permeability and implications

for fluid flow in the oceanic crust

To estimate the permeability structure of each vein system at the time when those veins
were open fractures and acted as conduits for fluid (i.e., paleo-permeability), we applied
two methods of determining the fractured-rock permeability based on the geometry and
abundance of the HCT and LCT veins. First, to calculate the spatial variations in the
paleo-permeability of the HCT and LCT vein systems for each borehole, we used an equivalent
channel model combined with a parallel plate concept (Norton & Knapp, 1977; Walsh &
Brace, 1984). The equivalent channel model is a relatively straightforward way of estimating
the bulk permeability of the core samples on a variety of scales (Gilbert et al., 2018). However,
it is difficult to obtain directional permeability. Therefore, to evaluate the three-dimensional
permeability and the anisotropy of each vein system, we also applied Oda’s permeability tensor
theory (Oda, 1985) to the three-dimensional orientation data obtained in the contiguous

intervals (Figure 4.11) by using vein orientation data to calculate the permeability tensor.

The following assumptions were made when estimating paleo-permeability using the equivalent
channel model and permeability tensor theory, based on the work of previous reserachers

(Ioannou & Spooner, 2007).

1. The host rock is generally intact and fluid flow occurs only along fractures. Thus, in
intervals where no veins are detected, the permeability is set to 0.

2. The shape of a fracture is approximately that of a disk (i.e., penny-shaped), and
the permeability of rock containing penny-shaped fractures is defined as the paleo-
permeability of the veins.

3. The vein aperture is comparable to the original fracture aperture before the precipitation

of minerals.
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4. All fractures are fully connected, as all the veins trace the flow of fluids (Hosono et al.,
2022).
5. All fractures of a given vein system (i.e., the HCT and the LCT veins) were open at

the same time.

Given these assumptions, the permeabilities modeled should be interpreted as a first-order
approximation of the maximum values for each vein system (Gilbert et al., 2018; Ioannou &
Spooner, 2007). The magnitude and spatial variations of the calculated permeabilities for
each vein system are then compared with permeabilities measured directly in the laboratory
and within the in situ oceanic crust. We are then in a position to discuss the potential role

millimeter-wide fractures play during the fluid flow in the oceanic crust.

4.5.1 Paleo-permeability profile based on the equivalent channel

model

The permeability of rock containing a fracture network & can be given by the equivalent

channel model (Walsh & Brace, 1984) as follows:

_(t)?e
k= 127

(4.7)

where (t) is the average fracture aperture, ¢ is the porosity, and 7 is the tortuosity of the
fracture network, which is a parameter defined as the ratio of the apparent length of a
fracture to its true length. The porosity of the flow channels can be expressed by the parallel

plate concept as follows:

¢ =nit), (4.8)

where n is the fracture density (Norton & Knapp, 1977). Combining Equations 4.7, 4.8, we

can calculate the bulk permeability from the vein density and aperture as follows:

(4.9)

Using Equation 4.9, we determined the bulk permeabilities of a given vein system from the
average vein density and aperture for every 1 m depth, 10 m depth, and the total depth in
each hole (Figure 4.13). Since the tortuosity 7 is not measurable from our data, we assumed
7 =1, and the calculated permeability should therefore be considered as the maximum value.

The HCT and LCT vein systems show similar values of borehole-average permeability (~101!
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Figure 4.13 Variations in the bulk permeability of the HCT and LCT vein systems with
depth, calculated for every 1 m depth (pale circles), 10 m depth (dark lines and circles), and
the whole depth of the boreholes (pale lines) based on the equivalent channel model.

m?), although their total abundances differ by one order of magnitude (Table 4.2). This could
be because the HCT veins tend to have larger apertures than the LCT veins. We also found
that the spatial variations of 1 and 10 m average permeabilities are different for the HCT and
LCT vein systems. The HCT vein system has sporadic high-permeability zones (10712108
m?) in the boreholes, whereas the LCT vein system has pervasive high-permeability zones in
the boreholes. Such a difference may indicate that the fluid flow associated with the LCT
vein system had a much larger spatial extent and fluid flux in the oceanic crust than the
HCT vein system. This result is consistent with a much larger amount of heat and chemical
exchange taking place during off-axis low-temperature fluid circulation than during on-axis
high-temperature hydrothermal circulation, which is suggested by heat flow measurements on
the seafloor (Elderfield & Schultz, 1996; Stein & Stein, 1994). Also, as shown by the depth
variations of vein densities (Figure 4.9), the high-permeability zones of the HCT vein system
seem to be localized near major fault zones. This implies that the permeability structure
during relatively high-temperature hydrothermal circulation near the ridge axis may be
controlled by faults, as also indicated by geological and geochemical analyses (Greenberger

et al., 2021; Zhang et al., 2021).

The borehole-average permeabilities calculated from our data are in good agreement with
field-based calculations for the crustal sequence of ophiolite settings (Nehlig & Juteau, 1988;

van Everdingen, 1995). However, these values are several orders of magnitude higher than

88



4.5. ESTIMATION OF PALEO-PERMEABILITY AND IMPLICATIONS FOR FLUID
FLOW IN THE OCEANIC CRUST

those obtained in laboratory experiments on basaltic and gabbroic rocks (e.g., Brett-Adams et
al., 2021; Christensen & Ramananantoandro, 1988; Fortin et al., 2011; Gilbert & Bona, 2016;
Karato, 1983; Katayama et al., 2020; Nara et al., 2011). This difference possibly reflects the
scale of fractures. As shown in Equations 4.7, 4.9, fracture permeability depends explicitly on
the fracture aperture and hence changes drastically by several orders of magnitude depending
on the measurement scale, even for the same fraction of fractures (i.e., porosity). Fractures
(cracks) in samples used in laboratory experiments typically have apertures of a few microns
(Fortin et al., 2011; Nara et al., 2011), which is ~3 orders of magnitude smaller than the
apertures of veins in the core sections we examined (Figure 4.10). Our data and calculations
suggest that the larger-scale fractures can control the macroscopic flow of fluids in relatively
high- and low-temperature systems in the oceanic crust. Although the contribution of
microcracks to macroscopic fluid flow in oceanic crust can be limited, they may play a role
in alteration and subsurface biosphere activity on a grain-scale, particularly at depths where
the large-scale veins are absent, as identified for the HCT vein systems in Holes GT3A and

GT1A (Figure 4.13).

The in situ permeability of present-day oceanic crust has been obtained from measurements
using boreholes at the seafloors, such as packer injection tests and temperature and flow
meter logs. Figure 4.14 shows the permeability structure at in situ depths of the oceanic crust
that correspond to the depths in Holes GT1A, GT2A, and GT3A correspond, with the in
situ permeabilities obtained at ocean floors of various ages and depths plotted for comparison
(Becker & Davis, 2003; Fisher, 1998). The in situ bulk permeabilities determined for the upper
parts of young (~0.6-3.9 Ma) oceanic crust range from 10712 to 101° m? (Becker & Davis,
2003; Fisher & Becker, 2000), which is similar to the borehole-average permeabilities of the
crustal sections of the Samail ophiolite calculated from our data. However, the permeabilities
obtained from in situ packer injection tests conducted in 6 Ma crust are 107'8-10"17 m? at
depths of the sheeted dike complex (Becker & Fisher, 2000). This value is several orders of
magnitude lower than the maximum model permeabilities in our calculations, including the
paleo-permeability of the HCT vein system in Hole GT3A, which corresponds to the sheeted
dike complex of the Samail ophiolite. This difference indicates that the fractures become
filled with minerals deposited by circulating hydrothermal fluids, which lowers the aperture
(t) and alters the geometry of the fracture network (7), resulting in lower permeability in the
present-day oceanic crust (Fisher, 1998; Gilbert et al., 2018; Ioannou & Spooner, 2007; Nehlig
et al., 1994; van Everdingen, 1995). However, our calculations show that the lower oceanic

crust, as well as the upper crust, may have had markedly high permeability immediately
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after the formation of fractures related to the HCT and LCT vein systems.
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Figure 4.14 Permeability structure at the in situ depth of the oceanic crust corresponding to
depths in Holes GT1A, GT2A, and GT3A of the Oman Drilling Project, with the generalized
ophiolite stratigraphy showing the approximate original depths of each hole in the oceanic
crust. In situ bulk permeabilities measured by packer tests and estimated from temperature
and flow meter logs using boreholes at the present-day oceanc floor are also plotted for
comparison. The in situ bulk permeability data are compiled from Fisher (1998) and Becker
& Davis (2003).

4.5.2 Permeability anisotropy based on permeability tensor theory

To evaluate the three-dimensional anisotropy of permeability in the HCT and LCT vein
systems, we coupled the geometry of the detected veins in the contiguous intervals of each
hole (Figure 4.11) with the permeability tensor theory proposed by Oda (1985). The three-
dimensional characteristics of penny-shaped fractures can be expressed by the fracture radius
r, the fracture aperture ¢, the unit normal vector of a fracture n, the fracture surface area .5,
and the number of fractures per unit volume p (i.e., volume density). Using the strike 6 and

dip angle % of a fracture, the direction cosines of the unit normal vector n can be written as
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follows:
sin ¢ cos

n=| sinysinf |. (4.10)

cos Y

Using the vector n, a second-rank symmetric tensor [V;;, which is referred to as the fabric

tensor, can be defined as follows:
Q/2

where (2 is the entire solid angle and F(n) is a density function that describes the statistical
distribution of m (Oda, 1982). The fabric tensor N;; quantifies the intensity of the three-
dimensional orientation of fractures and is determined from the strikes and dip angles of
veins detected in the XCT images. By combining the fabric tensor with the geometric
characteristics of fractures, directional permeability can be calculated as a tensor. According

to Oda (1985), the permeability tensor is given as follows:

A
kij = E(Pkkdij — Pyj), (4.12)

where ) is a non-dimensional parameter that represents the connectivity of the fracture
network (i.e., connectivity index) and ranges between 0 and 1. The tensor P;; is a second-rank
symmetric tensor that depends only on the geometry of fractures, and Pyr = Pi1 + Pos + Ps3.
When the geometric parameters ¢, r, and p are statistically independent, the tensor P;; is
given as follows:

Pij = 7Tp<7"2><t3>Nij, (413)

where () denotes the average value. Although p and r cannot be determined from our data,
P;; can be calculated by the vein aperture ¢ and the number of veins per unit length (vein

density) based on the stereological method (Oda, 1985; Oda et al., 2002) as follows:

Py = So(t*)Nyj, (4.14)
where
— p(r?) = m(q)
S0 = mplr?) = D (4.15)
and
(In-q|) = /Q In - q|E(n)dQ. (4.16)
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The parameter Sy is the fracture density defined by the surface area per unit volume of the
analyzed fracture (or vein), g is the unit vector of the borehole, m(q) is the intersection
number per unit length, and n - g is the inner product between unit vectors n and g (Hosono

et al., 2022).

The permeability tensor can be reduced to its three principal (diagonal) components, which
are referred to as the maximum (k1), intermediate (k3), and minimum (k3) principal perme-
abilities (van Everdingen, 1995). These are the eigenvalues of the tensor and the associated
eigenvectors give the orientations of the principal permeabilities. We define the degree of
permeability anisotropy as the ratio of the maximum to minimum principal permeabilities

k1/ks (Lang et al., 2014). In the calculations, the connectivity index A\ is set as 1.

Table 4.3 Summary of vein data used for stereographic projections and permeability tensor
calculations.

Interval Vein (t) So
Hole (m) type m(q) (mm) (mm?/mm?) ki (m?) k1/ks

4.00 x 10~12
CT1A 306-353 HCT 19 0.91 0.06 3.34 x 1012 4.90
8.16 x 10713
1.79 x 10~
GT2A 152-240 HCT 14 1.89 0.03 1.55 x 10~ 4.50
3.98 x 1012
4.18 x 10712
GT3A 2359 HCT 12 1.08 0.04 3.81 x 1012 4.98

8.39 x 10713
2.29 x 10712
GT1A 306-353 LCT 53 0.77 0.07 2.21 x 1012 2.90
7.19 x 10713
2.36 x 10712
GT2A 152-240 LCT 74 1.01 0.03 2.20 x 10~ 12 2.34
1.01 x 10713

3.67 x 10712
GT3A 23-59 LCT 55 0.72 0.13 3.18 x 10712 2.94

1.25 x 10~12
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4.6. ADVANTAGES, LIMITATIONS, AND PERSPECTIVES

Table 4.3 summarizes the calculated principal permeabilities of the HCT and LCT vein
systems in the contiguous intervals of each hole and the related parameters used for the
calculations. The maximum principal permeability k; ranges from 1072 to 107! m? for the
HCT and LCT vein systems, which is consistent with the 10 m- and borehole-average bulk
permeabilities determined by the equivalent channel model (Figure 4.13). The degree of
anisotropy (k1/k3) ranges from 4.50 to 4.98 and from 2.34 to 2.94 for the HCT and LCT
vein systems, respectively. Given that the HCT vein system in these holes may be associated
with local tensional faulting near the ridge, the permeability of the HCT vein system in
the direction parallel to the fault may be ~5 times greater than that in the orthogonal
direction. This value is similar to that estimated around a seismogenic zone based on
permeability tensor theory from the geometry of quartz-veins (Hosono et al., 2022). However,
the electromagnetic surveys conducted on Pacific lithosphere aged 33 Ma have shown that the
electrical conductivity in the oceanic crust, which is closely related to permeability, is 18-36
times higher in the paleo mid-ocean ridge direction than in the orthogonal paleo-spreading
direction (Chesley et al., 2019). They interpreted this anisotropy to have been caused by
0.8-4 mm wide seawater-filled cracks that are perfectly aligned and spaced by 1 m. Although
their estimation of the crack aperture and spacing is almost consistent with our data at
depths where the permeability tensor was calculated (Table 4.3), our data show that the
veins are not perfectly oriented. Therefore, the electrical anisotropy observed in the oceanic
crust may be attributed to other characteristics of the fractures. The transport properties,
including permeability and electrical conductivity, potentially depend on the geometry of
the fracture network, which is expressed by 7 and A (Guéguen & Dienes, 1989). Although
we assumed those parameters as a constant, such parameters potentially have anisotropy
under anisotropic stress conditions and hence may contribute to the observed anisotropy
on the crustal scale. Other geological structures such as macroscopic faults and dikes that
exist on a larger scale than hydrothermal veins could also be the direct cause of the observed

anisotropy.

4.6 Advantages, limitations, and perspectives

The paleo-permeability method using halves of the drilled cores, as proposed by Gilbert et al.
(2018), allowed us to estimate the maximum permeability of the cores of the Oman Drilling
Oroject in two dimensions on a variety of scales. In addition to those advantages, our method

of using X-ray CT data provides a three-dimensional permeability structure. Furthermore,
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different vein minerals and systems, including open fractures, can be classified based on the

CT number, which reflects the chemical composition and density of the vein-filling material.

Our method depends highly on the quality of the CT image, such as spatial resolution.
For example, the veins with apertures smaller than the resolution cannot be observed in
the CT images and hence are not detected, although the contribution of such invisibly
small veins to the bulk permeability may be negligible compared with the contribution of
millimeter-wide veins. It is also difficult to detect the veins filled by a mineral with a CT
number similar to that of the surrounding material. It should be noted that our analysis
may have overlooked veins filled with such minerals. These problems may be addressed
by advanced image analysis techniques, such as super-resolution and feature extraction of
images based on various data-driven approaches (e.g., Al-Sit et al., 2015; Kalfarisi et al., 2020;
Zhao et al., 2023). In addition, because the core may rotate during recovery, the original
geographic orientations may be modified and differ depth by depth, as shown in the Oman
Drilling Project (Kelemen et al., 2020a). To obtain the whole-depth profile of anisotropies
in vein orientation and permeability, reliable references such as paleo-magnetic properties

would be required to reorientate the cores.

Our data provides the first-order magnitude of the permeability structure of the drilled
cores using XCT core images. Observations and analyses using XCT data have been applied
to drilled cores to extract the chemical and physical properties of the core samples (e.g.,
Gupta et al., 2019; Okazaki et al., 2021; Tonai et al., 2019; Williams et al., 2018). Further
studies of physical and chemical properties that combine the used of our method and other
XCT-based methods that use advanced analytical techniques may shed further light on the

understanding of subsurface geological processes.

4.7 Conclusions

We used X-ray CT core images to investigate the distribution and geometry of veins preserved
in the crustal sequences of the Samail ophiolite that were sampled during the Oman Drilling
Project. Applying fracture fluid-flow models to the geometric data for the detected veins, we
found that the High-CT and Low-CT vein systems both yielded permeabilities of 107! to
10 m?, values that are similar to the bulk permeabilities measured in situ uppermost parts
of oceanic crust. This indicates that millimeter-wide fractures can control the crustal-scale
permeability down to the depths of the lower oceanic crust. However, these vein systems

show different permeabilities with depth, possibly reflecting the differences in the spatial
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heterogeneity of high- and low-temperature fluid circulations in oceanic crust. The calculated
permeability tensor indicates that the paleo-permeability anisotropy can be less than that
inferred from in situ electromagnetic surveys in the oceanic crust. This implies that the
crustal-scale permeability anisotropy may be attributed to other geometrical parameters that

are potentially anisotropic such as fracture connectivity and tortuosity.
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Chapter 5

General discussion and
conclusions

5.1 Upscaling of seismic velocity and electrical resistivity
of oceanic crust

In addition to cracks, fractures may have a substantial impact not only on permeability
but also on seismic velocity and electrical resistivity. To understand the subsurface fluid
flow and related geological processes, the effects of cracks and fractures should be separately
inferred from the observed geophysical data. This requires the development of novel models
that take into account both effects of crack and fracture on seismic velocity and electrical
resistivity. In this chapter, we attempt to establish the upscaled physical property model
based on the dataset and insights from the previous chapters. First, the heterogeneity of the
fracture distribution is evaluated in the same manner as for microcracks, and an appropriate
model for calculating seismic velocities is examined. Utilizing the model, a seismic velocity
model that accounts for both microcracks and fractures is proposed. Then, the percolation
of the fracture network is subsequently discussed to take into account its effect on resistivity.
Finally, these models of seismic velocity and electrical resistivity are combined to formulate

a joint model for interpreting geophysical observations.

5.1.1 Heterogeneity of fracture distribution

As discussed in Chapter 3, quantifying the effect of water-saturated porosity on the rock’s
elastic properties requires evaluation of the REV of the porosity structure. Therefore, the

spatial heterogeneity of the veins that were identified in Chapter 4 was estimated using the

97



5.1. UPSCALING OF SEISMIC VELOCITY AND ELECTRICAL RESISTIVITY OF
OCEANIC CRUST

depth distributions of the veins, in a similar manner applied to MSCL-W data as described in
Chapter 3. The depth variations in the paleo-porosity and paleo-permeability for LCT-veins
of Holes GT1A, GT2A, and GT3A were used for the analyses (Figure 5.1). The changes
in the mean values of each physical variable and their magnitude of relative gradient errors
(e4) as the window length were systematically increased were computed. The maximum
window length was set to 100 m, and the window was moved throughout each hole by every
20 m depth. The REV criterion was defined here as ¢, = 0.1 so that the mean porosity and

permeability clearly reach the plateaus.
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Figure 5.1 Downhole variations in paleo-porosity and paleo-permeability of LCT-veins for
Holes GT1A, GT2A, and GT3A.

Figure 5.2 shows the calculated mean porosity and permeability and the magnitude of relative
gradient errors for those variables as a function of the window length. The colors indicate the
results of each hole. Similar to the variables associated with microcracks, the porosity and
permeability of the LCT-veins converged to constant values as the window length increased.
The Lggv estimated using the e, < 0.1 ranges from 6-30 m for each hole (Figure 5.3), which
is similar or one order of magnitude larger than that estimated for crack density and P-wave
velocity of Hole GT3A. This means that if the seismic velocity is influenced by large-scale
fractures, the velocity can reflect the characteristics of the fracture network on a scale of

several or tens of meters.

To examine the validity of theoretical models to compute the effect of fractures on seismic

velocity under water-saturated conditions, the critical frequency at which the wave-induced
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Figure 5.2 (a,b) Changes in mean vein (fracture) porosity and permeability, and (c,d) the
relative gradient errors as a function of the window length. The color indicates the depth of
the center of the moving window. Black dots indicate Lrgy-
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Figure 5.3 Boxplots of the length of REV (Lggy) for vein (fracture) porosity and perme-
ability that are determined using the criterion of € < 0.1.

99



5.1. UPSCALING OF SEISMIC VELOCITY AND ELECTRICAL RESISTIVITY OF
OCEANIC CRUST

fluid flow can fully diffuse over the scale of the REV during the wave propagation was
calculated. The rate of fluid flow within a rock was computed using Equation 4.17. The
permeability of the fractured rock on the scale of the REV was taken to be k = 3.3 x
1071174.8 x 10711 m?, based on the average permeability determined for the LCT-vein of
Hole GT3A (Figure 5.2b). The viscosity and drained bulk modulus were set to 10°* Pa.s and
11.8 GPa, respectively.

Figure 5.4 shows the calculated critical frequencies for the fractured rock as a function
of the REV length, plotted with the results for the microcracks. In the region above the
red line, the fluid within the fracture REV cannot follow the rate of loading, resulting in
unrelaxed conditions, whereas, in the region below the red line, the fluid can fully diffuse
within the REV during the loading, resulting in relaxed conditions. As the fracture REV has
a scale of several meters or more, it cannot be captured as a homogeneous pore structure
at the frequency of the sonic logging velocity. This means that the fracture characteristics
extracted from the logging velocities reflect the localized structure and care must be taken
when extrapolating it to larger scales. At seismic frequencies, however, the fracture network
can be considered a homogeneous structure (domain F in Figure 5.4). The domain F locates
below the critical frequencies estimated from the fracture permeability, suggesting that the

seismic velocities “see” the relaxed (undrained) conditions.

5.1.2 Seismic velocity

Ultrasonic velocity and resistivity datasets measured on the core samples from Hole GT3A
indicate that seismic velocities at a macroscopic scale possibly reflect microcrack structure
under unrelaxed conditions (Chapter 2). This suggests that the effect of water-saturated
cracks on seismic velocity can be modeled by effective medium theory, which postulates
isolated cracks. On the other hand, paleo-porosity and permeability estimations from the
spatial abundance of millimeter-wide vein minerals in the core sections indicate that the
relatively large-scale fractures can undergo either unrelaxed conditions or relaxed (undrained)
conditions during the seismic wave propagation. This implies that one needs to combine
effective medium theory and Gassmann’s equation when modeling the effect of water-saturated

fractures on the seismic velocities.

Elastic properties of rock with multi-scale porosities can be modeled based on the differential
self-consistent scheme of effective medium theory (Bailly et al., 2019). The elastic moduli of

the cracked medium M gfrfa‘:k under water-saturated conditions are assumed to be the one of a
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Figure 5.4 Critical frequency at which unrelaxed/relaxed transition occurs in a cracked
rock (blue line) and a fractured rock (red lines) as a function of the length of REV. The
red-colored region denotes the range of wavelengths greater than REV. The domain F is
newly defined for the range of the fracture REV and seismic frequency.
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matrix containing a given population of cracks as:
Mgfrfa(:k = f(xcracka MO)7 (51)

where Z¢rack is the crack microstructural parameters such as crack density, crack porosity,
and aspect ratio, and M is the crack-free matrix modulus. Meanwhile, when considering
the effective elastic properties of a medium containing not only cracks but also fractures
at a larger scale (M22°we)  the matrix modulus can be assumed to be one of the effective
medium containing cracks as defined above, such that

Mgfl:faCture = g(xfracture,a Mcgfack), (52)

€

where Zacture 18 the parameters related to the abundance and geometry of fractures, such
as fracture porosity. Based on the REV estimations presented in the previous chapters
and sections, the function f corresponds to the effective medium model such as Kachanov
(1994)’s equations, whereas the function g corresponds either to the effective medium model

or combined use of the effective medium model and Gassmann’s equation.

Figure 5.5 shows the upscaled seismic velocity computed as a function of crack and fracture
porosities, with the crack-free velocities of V¥ = 7.0 km/s and VSO = 3.8 km/s. The aspect
ratio of the crack was assumed to be 0.002, which is the median value of those obtained for
the discrete laboratory samples of Hole GT3A as presented in Chapter 2. The aspect ratio of
fracture was also assumed to be 0.002, which is similar to that estimated for vein minerals in
Cyprus ophiolite (van Everdingen, 1995). The boxplots of the macroscopic crack and fracture
porosities of Hole GT3A, which were determined from MSCL-W data and vein abundances,
respectively, are also shown in Figure 5.5 and the ranges of seismic velocity corresponding
to those porosities are highlighted as bold lines. First, Vp and Vg decrease systematically
but differently with increasing crack porosity. These changes are more moderate than the
conventional interpretation assuming undrained conditions for the crack effect (dashed lines),
in particular for V5. This results in an increase in Vp/Vg from 1.84 to 2.05-2.22 in the
range of crack porosity of Hole GT3A, which is also relatively smaller than that based on
the conventional interpretations. Given that the crack density should be p. < 1 for DEM
method (Le Ravalec & Guéguen, 1996), Vp /Vs is not expected to exceed ~2.2 for the aspect
ratio of 0.002, whereas Vp /Vs for undrained conditions can increase up to ~3. Meanwhile,
in this new model, the effect of millimeter-wide fractures are further introduced into the

effective medium containing the cracks. Vp and Vg subsequently decrease with the addition
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of fracture porosity along with the trend for undrained conditions. Since the shear modulus
is independent of the presence of pore water under undrained conditions, the decrease in Vg
is significant relative to that in Vp. As a result, the impact of fracture porosity on Vp/Vs is
significant relative to that of cracks. In the range of the fracture porosity detemined for Hole

GT3A, Vp/Vs can increase up to ~2.3.
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Figure 5.5 Upscaled (a) P-wave velocity (b) S-wave velocity, and (b) Vp/Vs as a function of
crack and fracture porosities. The range of crack and fracture porosities at each REV scale of
Hole GT3A are highlighted as bold lines, and the median values are denoted as star symbols.
Gray areas correspond the upper limit of crack density parameter for DEM method (p. > 1).

High Vp /Vs is often observed within subducting oceanic crust by seismological surveys. Audet
et al. (2009) reported the anomalouly high Vp/Vs of 2.35 £ 0.1 at Cascadia subduction zone.
They concluded that such seismic anomalies can be caused by the presence of extremely high
pore pressure close to the lithostatic pressure which is enough high to remain the cracks
open within the deep oceanic crust. Pimienta et al. (2018) suggested a link between those
Vp /Vs anomalies and elastic properties under undrained conditions based on the laboratory
measurements on frequency-dependent elastic moduli. Given that the Vp/Vs measured for
the discrete core samples from Hole GT3A is at most ~2.2 (Chapter 2), such high Vp/Vs
anomalies may be associated with the presence of homogeneously distributed large-scale

fractures.

5.1.3 Electrical properties

In Chapter 2, the cross-property relationship between elastic and electrical properties, which
can quantify the degree of connectivity of the crack network as well as the abundance and
geometry of cracks, were developed based on the existing theoretical models. Although
connectivity is an important factor to evaluate the nature of subsurface fluid flow via
permeability, the permeability depends much more strongly on the scale of the void, as

demonstrated in Chapter 3. To quantitatively assess subsurface fluid flow, it is necessary to
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determine the scale of the pore structure extracted from geophysical data. Upscale modeling
of resistivity is therefore performed in the same manner as for seismic velocities above, taking

into account the effects of both cracks and fractures.

Electrical conductivity of a cracked rock oSk can be modeled as a function of crack porosity

Perack and connectivity Cepack as:

Ug;faCk = f(¢crack7 Ceracks Ofluid s 00)7 (53)

where oqyiq is the fluid conductivity and oy is the matrix conductivity. The crack connectivity
Clerack is a non-dimensional parameter that can be computed as a function of crack density

Perack based on the percolation theory as:

Ccrack = g(pcrack) . (54)

Analogous to the case of seismic velocity, the electrical conductivity at the fracture scale can
be modeled by considering the matrix as the effective medium equivalent to the cracked rock.

Then, the effective conductivity of the fractured medium crgc?cmre is given by

U(E,?Cture = f(¢fracture; Cfracturea Ofluid O—g;faCk)y (55)
where @gacture 1S the fracture porosity and Chacture is the fracture connectivity. Nevertheless,
even if the fractures are isolated from each other, if the crack network pervasively spreads
over the scale of fracture REV, it is expected to act as a conduit for electrical conduction
between the fractures. Assuming such a situation, the fracture connectivity may be expressed

as a superposition with the crack connectivity as:

Cfracture = g(pfracture) + Ccrack~ (56)

Note that, Cerack and Chracture need to satisfy 0 < Cerack, Crracture < 1.

Figure 5.6 shows the upscaled electrical resistivity computed as a function of crack and
fracture porosities, with reference conductivities of oguq = 5 S/m and og = 107° S/m. The
aspect ratios of crack and fracture to calculate the porosities were set to be 0.002. As the
crack porosity increases and exceeds the percolation threshold (0.08% for the aspect ratio
of 0.002), the resistivity decreases by several orders of magnitude, followed by a linear and

gradual decrease. Given the range of the crack porosity of Hole GT3A, the resistivity ranges
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from 135 Qm to 153 Qm, and the crack interconnection has completed (Cerack = 1). As a
result, even if the fracture porosity is added to this cracked rock, the resistivity does not
change significantly as shown when the crack porosity is added to the intact matrix. This
indicates that the bulk electrical resistivity of the oceanic crust can be controlled dominantly

by crack-scale conduction, in contrast to seismic velocity.
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Figure 5.6 Upscaled electrical resistivity as a function of crack and fracture porosities. The
range of crack and fracture porosities at each REV scale of Hole GT3A are highlighted as

bold lines, and the median values are denoted as star symbols. Gray areas correspond the
upper limit of crack density parameter for DEM method (p. > 1)

5.2 Perspectives and future tasks

5.2.1 How can we extract the effects of cracks and fractures sepa-

rately from the observed data?

Althoug the new upscaled physical properties models were developed, using independently
these models cannot be sufficient to extract separately the contributions of the cracks and
fractures. Given that the cracks and fractures can affect differently on the seismic velocity
and electrical resisitvity, joint interpretations using these models can be useful to infer the
contrbbutions of cracks and fractures separately. However, there are still problems to be
overcome, such as quantification of the percolation process of fractures and cracks, and the

difference in spatial resolutions between seismic and electrical observations.

Instead, combining the seismic velocity with seismic attenuation data may be useful. Wave-
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induced fluid flow results in not only the dispersion of elastic properties but also the loss of
energy, which is one of the mechanisms of seismic attenuation (Mavko et al., 2020; Miiller
et al., 2010; Pride et al., 2004). Therefore, the seismic attenuation is thought to be an
indicator of subsurface fluid migration, and the relationship between the attenuation and
various geodynamic processes has been commonly discussed (Eberhart-Phillips et al., 2017;
Guerin et al., 2008; e.g., Kita et al., 2014; Nakajima & Uchida, 2018). Our data indiate that
the seiemic velocities see water-saturated cracks isolated between each REV (i.e., unrelaxed
conditions), whereas the velocities see the fluid flow between the fractures REVs (i.e., relaxed
but undrained conditions). This means that the seismic attenuation related to the fluid flow

could be due mainly to the presence of the fractures.

5.2.2 Pressure effects

The data used in this thesis were measured onborad or obtained at labotarory under room
temperature and pressure conditions. However, high pressure and temperature must be
applied to the rock at in situ depths of the oceanic crust, and the observed geophysical data
possibly includes the effects of such external factors. The temperature at in situ depths of
the oceanic crust can be estimated to be from 100 °C to 200 °C, which is not high enough to
significantly alter the physical properties of the rocks and cracks (Guéguen & Palciauskas,
1994). Note that the fluid viscosity was taken to be 10 Pa.s assuming the effect of in situ
temperature in the computation of pore pressure equilibration (Chapters 2 and 5). On the
other hand, the pressure has a significant impact on the crack-induced changes in physical
properties because the cracks tend to close due to the application of pressure (Guéguen &
Palciauskas, 1994). The pressure needed to completely close a crack with the initial aspect
ratio a can be approximated as

P, ~ Ea, (5.7)

where E is Young’s modulus of the rock (Walsh, 1965). Assuming a density of 3 g/cm?
and a depth of 3-7 km for the igneous layers of the oceanic crust, the lithostatic pressure
within the crust can be approximately 100200 MPa. Given a typical Young’s modulus of
the gabbroic rock of £ = 100 GPa, cracks with an initial aspect ratio smaller than ~0.001 are
possibly closed within the plutonic oceanic crust. The aspect ratio of microcracks estimated
for Hole GT3A is mostly larger than 0.001 (Chapter 2), so that they can remain open
even at in situ depths of the oceanic crust. This suggests that the geophysical properties

at such depths may be affected by the presence of water-saturated cracks and fractures.
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Nevertheless, the detailed pore structure at such conditions should be examined in terms
of both laboratory- and seismic scales. As mentioned above, meanwhile, seismological and
electromagnetic observations have indicated the presence of a large amount of pore water
within the subducting oceanic crust despite high pressure (e.g., Audet et al., 2009; Kato et
al., 2010; Kodaira et al., 2004; Yarce et al., 2019). This is possibly attributed to a reduction
in effective pressure due to extremely high pore pressures close to the lithostatic pressure
(Saffer & Tobin, 2011). In the context of such extreme pressure conditions, our laboratory
data and interpretations may be utilized as an upper bound on crack-induced changes in
geophysical properties under water-saturated conditions. In addition, the variations in the
crack density and aspect ratio of Hole GT3A inferred from our laboratory measurements
could be used for simulating the systematic crack closure due to elevated pressures using
Equation 5.7; thereby leading to the prediction of pressure-dependence of seismic velocity

and electrical resistivity at the scale of the microcrack REV we estimated.

5.2.3 Anisotropy effects

Our upscaling models assume the isotropic conditions, in which the cracks and fractures are
randomly oriented. However, actual oceanic crusts can contain anisotropy of cracks/fractures,
in particular for at settings such as mid-ocean ridges and subduction zones with tectonic
stress fields (e.g., Tsuji et al., 2011). Indeed, anisotropic clusering of the vein minerals were
indentified from our XCT data analyses (Chapter 4). To account for the effect of anisotropy,
one should incorpolate the orientation distribution of the cracks/fractures into the theoretical
models. For elastic properties, some theoretical models that take into account the anisotropy
effect have been proposed by previous studies (Adamus, 2021; e.g., Hudson, 1990; Sayers
& Kachanov, 1995). The Kachanov’s effecvtive medium models, which are used in this
thesis, can be extended to the case where the cracks are anisotropic (see Appendix A). The
Gassmann’s equations can be also extended to the anisotropy case (Brown & Korringa, 1975),
and some previous studies investigate the dispersion of the elastic wave velocities under
anisotropic conditions by combining those models (Guéguen & Sarout, 2009, 2011; Schubnel
& Guéguen, 2003).

Although there are some models to consider the anisotropy effect on effective electrical
properties (Asami, 2002; Han et al., 2020), such models have not been used with the
percolation theory. If the cracks/fractures have orientation anisotropy, the probability of
crack interconnection will be possibly affected. Although it may be difficult to solve such

problems analytically, the anisotropic models are demanded through experimental and/or
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numerical studies.

5.2.4 Implications for fluid low behavior of the oceanic crust

Fluid flow and related geoscientific processes occur in the oceanic crust, such as grain
boundary-scale alteration, global carbon cycling, and seismic activity. To understand these
processes, it is necessary to understand the scale at which the geophysical data reflect the
characteristics of these processes. Our proposed model, which incorporates the scale of cracks
and fractures, is expected to provide a basis for understanding the role of pore water in the

oceanic crust, although there are still problems to be addressed.

5.3 Summary

The objective of this thesis is to examine the distribution and geometry of cracks/fractures
of varying scales in the core samples collected during the Oman Drilling Project and to
establish a model to quantitatively interpret the large-scale seismic velocity structure and
electromagnetic structure observed in the oceanic crust. Results of laboratory measurements
on elastic wave velocities and electrical resistivity using the discrete cubic samples (~8 cm?)
taken from the core sections are presented in Chapter 2. By combining the existing theoretical
models proposed by Kachanov (1994) and Guéguen & Dienes (1989), the new model to relate
elastic and electrical properties via crack density microstructural parameters, including crack
connectivity, was established. Applying the proposed model, the variations in the measured
physical properties were quantitatively interpreted in terms of crack density, aspect ratio,
and crack connectivity. Furthermore, the model was also successfully applied to the sonic
velocities and electrical resistivity data obtained by borehole logging obtained at IODP Hole
1256D. This indicates that the proposed joint model can be used to interpret the geophysical

properties at various scales, possibly including in situ scale geophysical data.

In Chapter 3, the spatial heterogeneity of microcrack distributions of Hole GT3A, which
affects the choice of model to compute elastic properties under water-saturated conditions,
was evaluated. The evaluation utilized the P-wave velocity structure of the whole core sections
that was continuously measured by the Whole-round Multi-Scanner Core Logger (MSCL-W)
system during the shipboard description campaign (Kelemen et al., 2020d). The results
revealed that the structure of microcracks reflected by low-frequency (large-wavelength)
seismic velocity can be considered the crack parameters averaged over several-meter scales.

This suggests that the wave-induced pore pressure within the REV scale cannot be equilibrated
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so that the elastic moduli extracted from seismic velocity can be unrelaxed condition, in

contrast to the conventional interpretations.

Whereas the effects of pore-water on the geophysical properties of oceanic crust were examined
in Chapters 2 and 3, in terms of microcracks, the natural geological system possibly includes
various scale porosities, such as macroscopic fractures. Therefore, in Chapter 4, the spatial
distributions and geometry of vein minerals, which can be considered fossilized fractures,
appearing in the core sections from the Oman Drilling Project were investigated. Detection
of vein appearance and its geometry was carried out using the 3-D X-ray CT images of
the drilled cores. As a result, millimeter-wide veins were commonly identified throughout
the crustal sections of the Oman ophiolite, with an average spacing of 1-10 m. Applying
fracture fluid-flow models to the geometric data for the detected veins, it was found that the
millimeter-wide fractures can have permeability of 107!? to 10" m?, which is several orders
of magnitude larger than that typically measured by laboratory experiments. This indicates
that the macroscopic fluid flow in the oceanic crust may be controlled by such relatively

large-scale fractures.

Further studies are needed to fully realize the findings and implications of this thesis along the
lines discussed above in terms of practical applications and verifications. However, the results
reported in this thesis give a systematic and comprehensive relationship between geophysical
properties and water-saturated cracks of deep oceanic crust for the first time. The lines
of evidence that demonstrate the effect of water-saturated cracks and fractures on seismic
and transport properties of oceanic crust can provide new insights into the interpretation
of geophysical observations at various tectonic settings. This is of major importance and
interest to understand various geoscientific processes that occur in the oceanic lithosphere,

including seismic activity at subduction zones, microbial activity, and global mass cycles.
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Appendix A. Crack density by
Kachanov’s effective medium
model

A.1 Extra compliance and crack density tensor

In this thesis, the author often attempted to quantify the effect of microcracks on effective
elastic moduli via scalar crack density parameter using Kachanov (1994)’s effective medium
model. Meanwhile, it is known that Kachanov’s model, unlike other similar models such as
O’Connell & Budiansky (1974) and Kuster & Toksoz (1974), can express the crack density
not only as a scalar but also in the form of a tensor. Using the crack density tensor model
enables us to predict/extract crack-induced anisotropy in effective elastic constants. In this

Appendix, Kachanov’s effective medium model is introduced in a tensor manner.

The application of elastic waves to the crack surface induces a stress field that generates
extra strains that are absent in the absence of cracks. These extra strains result in a decrease
in the elastic constants of the rock in comparison to crack-free rock. The overall strain on an
elastic body containing cracks can be represented as the sum of the average strain in the

solid phase and the extra strain resultant from the presence of cracks ¢;;, as follows:
€ij = ?jszkl + Aejj, (A1)

where S?j x; is the elastic compliance tensor of the crack-free solid phase, and oy; is the stress
tensor applied to the solid phase. The extra compliance due to the presence of cracks can be

expressed as:

Ae€ij = ASijriom. (A2)
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A.1. EXTRA COMPLIANCE AND CRACK DENSITY TENSOR

Substituting Equation A2 into Equation A1, the overall strain can be given as:
€ij = (S?jkl + ASijk) ok = SijriOkis (A3)

where S;;1; is the effective elastic compliance.

Unit normal vector n

Crack face (+) Displacement u*

\ o

Crack face (-)
( Surface area S)

Displacement u-

Figure A1 Schematics of a planer crack.

To compute the extra overall strain and compliance, one should initially contemplate a
singular crack. When a single isolated crack exists within a solid phase under stress, the
extra strain per unit volume (V') resulting from displacement at its crack surface (surface

area S) is expressed by the integral over the crack surface area as follows:

Ae = %/(un—l— nu)dsS
; (A4)

1
Aeij = ﬁ /S(uinj + ni’UJj)dS,

where u is the displacement vector caused by the stress o, and n is the unit normal vector

of the crack. If the crack is planer-shaped, the extra strain can be rephrased as follows:

1

Ae=
€T oV

([uln 4+ nfu])ds, (A5)
where [u] = ut — u~ is the displacement discontinuity vector of the crack surfaces, and
superscripts + and — denote the front and back of the crack surface, respectively. The

normal vector n is a constant for a planer crack, and the average extra strain is

Ae = i(bn + nb)

% (A6)
Aeij = ooz ((ba)n; + (bs)na),
where b = (ut — u™), and () is the average displacement discontinuity vector. The vector

b can be given by a compliance tensor B, which is a second-order symmetric tensor, and
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surface traction applied to the crack surface t as:

b=B:-t=B-o-n

(A7)
(bi) = Biptp = Bipopgng-
Therefore, the extra strain is
S
Aeij = W(Bipapqnq”j + Bjpopgnqni), (A8)
and the extra compliace is
S

ASijkl = 7(Biknﬂlj + Bilnknj + Bjknmi + Bjmkni). (A9)

4V

When a rock contains N cracks, the extra compliance due to the cracks is given as a sum of

each crack contribution:

N

1 m) q(m
ASijr = 4V Z [Bikrun; + Bangnj + Bjgnn; + Bjmkni]( ) st 2 (A10)
(m)=1

where m denotes mth crack. Note that if the cracks exhibit directional characteristics, the
summed component can be substituted by the integral of the directional distribution function,

as demonstrated below.

As B is a second-order symmetric tensor, it possesses three primary directional components
for the elastic compliance of the crack. When uniform stress is imposed in one direction, no

displacement (b) transpires in the remaining two directions. Consequently,

B’rm 0 0
B=| 0 B, 0 |=Bn.nn+ Bgss+ Bytt.
0 0 >

As two orthogonal directions are equivalent on the plane of the crack, Bys = By = Br, and
ultimately B is the composite of the component By perpendicular to the crack and the

horizontal component (shear component) Br, as follows:

B = Bynn + Bp(I — nn) (A1)

Bij = BNnmj + BT(aij — nln])
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This leads to

Bigmun; = Byngngmn; + Brogmun; — Bragngmn, (A12)
= Broxmun; + (Byn — Br)ninjngn,.

The same calculations for the other components yield the extra compliance

ASijki
1 N
= W Z [BT((Sz-knmj + 5imknj + 5jknmi + 5jmkni) + 4(BN — BT)nmjnkm](m)S(m)
(m)=1
1 By

(m)
1 — 1) ninjnknl} BrSm),

1
== Z [(5iknlnj + Sunkng + djpmyn; + 05mEn;) + (B
T

(A13)

In the case of a penny-shaped crack, which has a radius of ¢, the aperture of w, and the

surface of S = wc?, By and By are given as:

Br — M (A14)
T 3By (2 — 1)
and
BN 1% 0
N (12 Al
Br ( 2) 1494’ ( 5)

where Fy and 1 are Young’s modulus and Poisson’s ratio of the solid phase. The parameter
¢ is a non-dimensional scalar that characterizes the coupling between the stress and the pore

pressure and is given as:
16(1 — v3) EoC

S (AL6)
where K7 is the fluid bulk modulus, and ¢ = w/c is the crack aspect rario. For a penny-shaped
crack,
32(1 —1)e 9 321 —13) 4
BrS=————"-x =——" . Al7
T 37TEO(2 — l/o) e 3E0(2 - V()) ¢ ( )

Substituting Equation A14, the extra compliance is
ASijki

1 B (m)
Z(éiknmj + dungng + 0jmyn; + 05nen;) + <B];, — 1) nmjnknl] BrStm

_
—

(m)
[(5iknlnj + 5imknj + 5jknmi + 5jmkni) + ¢nmjnknl] (C(m))B,
1
(A18)
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where
32(1 — 1)
h=——-- A19
3E0(2 - I/()) ( )
and
140 1)
—(1- —) LI A20
v=(1-3) 153 (a20)
Here, we define a second- and forth-rank tensors c;; and S;;1; as follows:
1 N 3 ) N nin; N
(m)=1 N
1 N 3 ) N nin;nENy N3
Bijkl = v (2):1(0 ninjnk'nl)(m =7 %: N = (ninjngng), (A22)
where (n;n;) is the moment of the normal vectors. Note that
N
1 3 N¢3
tr(ai;) = v Z C=v =P (A23)

(m)=1

where p is referred to as crack density parameter. Therefore, the tensors a;; and B;j; can
be understood as the crack density tensors that are characterized by the population of the

cracks with normal vectors n; and n; as:
g = p(ning)
Bijkr = p{nin;ngng)
Finally, the extra compliance tensor due to the presence of cracks can be expressed as a

function of the second- and forth-rank crack density tensors as:

1
ASijr = h Z(&‘kaﬂ + duak + 0jk0u + 0j105k) + U Bijki | - (A24)

A.2 Components of effective compliance tensor

One of the prevalent areas of interest in geoscience and geophysics is that of transverse
isotropy (TI) medium. In a TI medium, one axis of symmetry (axis 3 in this instance)
serves as the axis of symmetry, while the directional distributions are equivalent across the

remaining two axes. The elastic compliance tensor of the TI medium S is given as the inverse
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of stiffness tensor C:

St Stzz Sz 0 0 0
Stz St Stz 0 0 0
S—C-l— S1133 S1133 Sszzz 0 0 0
0 0 0 So323 0 0
0 0 0 0 Sops O
0 0 0 0 0 S1212
(A25)
boob 5 0 0 0
5 & % 0 0 0
e 00
o o o L o o
o 0 0 0 H£ o0
o 0o o o0 o L

where F and v are Young’s modulus and Poisson ratio of the TI medium, respectively. For
a general transversely isotropic orientation distribution of cracks, 11 = aws, B1111 = P2222,
P13z = Biz13 = Pazsz = Pozaz, and Piz1z = Priz2 = Pi111/3. Therefore, we have each
component of the effective elastic compliance tensor of the TT medium via five independent
components of the crack density tensor (a11, ass, B1111, 83333, B1133) as:

1
St = By + h(ar1 + YPri1)s

1
S3333 = o + h(ass + 1 P3333),

Vo

Ey
Vo
Si133 = “E, + hpB1133,

1+ y a
S1212 = O 4 h (11 + ?51111) ;

h
Sti22 = — + 57#51111’

(A26)

2E, 2
1+ y a1+
S1313 = 2E00 h (11433 + ¢51133> .

In the limit case of a dry medium, Ky — 0, and the parameter §/(1 + 6) — 1, which yields

__
v=—7. (A27)
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This means that there is no contribution of the aspect ratio ¢ to the effective compliance
under dry conditions. Note that, since the Poisson’s ratio of the solid phase is typically
0.2-0.3, 9835,k under dry conditions is negligibly small in comparison to «;;. Therefore, to
reduce the number of unknowns and simplify the calculation when determining the crack
density tensor under dry conditions, each component of the compliance tensor can be utilized

in the following form, disregarding the f3;;x; terms (Sayers & Kachanov, 1995):

1
S1111 = F + halla
0
1
S3333 = = + hass,
0
Vo
Siige = — L
1122 By’ 2%
o
Si133 = "B
1+ 1y h
S1212 = 2E00 5011
1+ h
S1313 = 2E00 + 1(0611 + ass).

The compliance tensors are often abbreviated as the Voigt notation (Mavko et al., 2020).
With the Voigt notation, four subscripts of the compliance tensor (S;;x;) are reduced to two

(Spq) using the convention summarized in Table Al and the relation Sp; = NS;;x;, where

1 for pandg¢g=1,2,3
N=<¢2 for porq=4,56 - (A29)

4 for pandqg=4,5,6

Table A1 Voigt notation

igorkl 11 22 33 23o0r32 3lorl3d 12or21

porgq 1 2 3 4 5 6

In the case of TT medium, care must be taken that multiplying the factors of 4 is needed for

51212 and 51313 as:

2(1 4y
S4q4 = 451313 = % + 2hauy,
2(1+0 ) (430)
Y
See = 451212 = ALY, + h(all + a33)a

Eq
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where 2(1 + vy)/Ey = 1/Go.

A.3 Transformation to scalar crack density

Equation A26 may be inverted to obtain the o;; and f;;i; given the S;; obtained from
elastic wave velocity measurements (Sayers & Kachanov, 1995). As described above, as
the number of unknowns under dry conditions is two (71 and «a33), only two components
of elastic wave velocity are required to invert the crack densities. Meanwhile, the number
of unknowns to be determined increases by three (51111, 83333, S1133) under wet conditions.
Therefore, a full inversion of the crack tensor under wet conditions requires more than four
components of velocity measurements, including on-axis velocity, whereas the number of

electrical feedthroughs to measure the velocities is often limited.

3
sinB cos¢
n =| sin@ sing
coso
c 6 |
w |
|
—2
~ o |
\\ |
¢ \D.
1

Figure A2 Penny-shape crack with a radius of ¢ and width w. Symmetry axis 3 is imposed by
transverse isotropy, where 6 and ¢ are the polar angles and the azimuthal angle, respectively.

Nevertheless, by assuming the orientation distribution of cracks (i.e., anisotropy), the number
of unknowns (components that need to be measured) can be reduced by utilizing the symmetry
of the TT medium and the anisotropy of cracks. If the TI medium is characterized by a
high concentration of cracks, the summation component in Equation A21 can be replaced
by integrals of the crack orientation distributions (Brantut, 2015; Hudson, 1990), and the

second order and the fourth order moments of the crack orientation distribution are given as:

1 27 pm/2
(nin;) = — £, d)n;n,; sin 0dOdo
T /0 /0 j (A31)

1 2n /2
(ninngng) = %/ / (0, ¢)ninjnkn; sin 0dode,
o Jo
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A.3. TRANSFORMATION TO SCALAR CRACK DENSITY

where f(6,¢) is the number density of cracks with normal unit vectors lying in the solid
angle (0,60 + df); (¢, + d¢), 0 is the polar angle, and ¢ is the azimuthal angle. The normal

vector n is written as
sin @ cos ¢

n=|sinfsing | - (A32)

cos

Here, we consider three different distributions of crack orientations in terms of transverse
isotropy: horizontal cracks, vertical cracks, and isotropic cracks. These cases represent
limiting cases of expected real situations (Guéguen & Sarout, 2011). The first case is that of
identical cracks aligned in the horizontal plane xixs, perpendicular to the symmetry axis x3
(Figure A3a). The normals are oriented along 6 = 0, and the azimuthal angles ¢ are random.
The second case is that of cracks oriented in the symmetry axis x3, in which the normals
are oriented along 6 = 90z with the randomly oriented azimuthal angles (Figure A3b). The
third case is that of randomly oriented cracks (Figure A3c). The density functions for each

case are given as:

72— (for horizontal cracks)
f(0) =1 2= (for vertical cracks) (A33)
e (for randomly oriented cracks),

where Ny, N,, and N, are the number of horizontal, vertical, and randomly oriented cracks
within the volume V| respectively. Analogous to Equation A23, three independent scalr
crack densities, horizontal crack density pp, vertical crack density p,, and randomly oriented

crack density p, can be defined as:

Ny
ph = ;L/h,

N,c3
= ‘“/“, (A34)
P N‘r/ci

A.3.1 Horizontal cracks

As shown above, the normals of horizontal cracks are oriented along # = 0, and the azimuthal
angles ¢ are randomly distributed from 0° to 360°. In this case, ny = sinfcos¢ = 0,

ny = sinfsing = 0, and ng = cosf = 1, so that the crack density tensors a;; and B
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a) Horizontal cracks b) Vertical cracks (c) Randomly oriented cracks

0>©® &/
(O® %
01 9

Figure A3 Three limiting cases of crack orientation distributions for the transversely isotropy.
(a) Maximum anisotropy: cracks with normals oriented along the symmetry axis z3. (b)
Intermediate anisotropy: cracks with normals oriented orthogonal to z3. (¢) No anisotropy:
cracks with randomly oriented normals.

become
aq1 = ph<n1n1> =0

1 27‘(‘
aszz = pp(nsng) = Ph%/ d¢ = pn
0 (A35)
Bii11 = pr{ninining) =0

1 27
B3333 = ph<n3n3n3n3> = Ph;/ d¢ = ph.
™ Jo

with all other components being zero. The resulting effective compliance tensor in the Voigt

notation is given as:

1
Sll - E70’
S L + hy
33 Eo Phs
512 = 7&5
Ey
B (A36)
Gra = — 0
13 EO,
2(1 + v
Syq = % + hbpn,
0
o 2(1 + 1/0)
566 = Eo .

Recalling S = C™!, the effective stiffness tensor C;; that can be used to directly compute
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HII-IIHIII»
X
9
_
A~}

Vo) = /<2 y
Vov }}
Vo(90°) = ¢ /%

\ s 4 G

66

K 4 pn Vorr = 1| S22
» Vi(oor) = [ ,

X1 X1
Figure A4 Elastic wave velocities in a transversely isotropic medium, and the corresponding

stiffness components. S-waves are polarized in the planes perpendicular (SH-wave) and
parallel (SV-wave) to the symmetry axis x3.

elastic wave velocities (Figure A4) is given by

l/2 1 EO 1
Cn=|Eo+ 1=, g = + )
( SR b hon(bun) ) 1o 1o (152 g (14 4))
0

1 1
Css = 7500 =1 ,
% +hon(1+¥n)  wovia, T hpn(1 4+ p)
1 1
C44 = v = 3
20 4y, gy +hen
Ey
C = —_— = R
% = 30+ 1) 0
1
Cis = a0 ;
(1+ (}E)[SO 2v0) + 1;:0 hph(l + T/Jh)
Cio = C11 — 2Css,
(A37)
where
Y\ On
=(1—-— -1 A38
wh ( 2 ) 1 + 5h 5 ( )
and
16(1 — 3 E,
5, = 6(1 —15) OCh' (A39)

3Ky

Figure A5 shows the elastic wave velocities calculated as a function of horizontal crack density
using Equation A37. The crack-free velocities are taken to be V) = 7.0 km/s and VSO =3.8

km/s. P-wave velocity propagating parallel to the symmetry axis (axial direction, Vp(90°))
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markedly decreases with increasing crack density, whereas that perpendicular to the axis
(radial direction, Vp(0°)) does not decrease significantly. Similar trends are observed for
polarized S-wave velocities propagating in the radial direction, in which SH-wave velocity
Vsu(90°) is independent of crack density whereas SV-wave velocity Vg (90°) decreases with
crack density. In contrast, SH- and SV-wave velocities in the axial direction are comparable
to each other, due to the symmetry of transverse isotropy. The resulting Vp/Vs decreases
differently from SH- and SV-wave velocities in the radial direction, whereas those in the axial
direction are comparable. Under water-saturated conditions, similar trends to those under
dry conditions are also observed, but the amount of decrease is limited. It should be noted
that the Vp and Vg in the radial direction do not depend on the aspect ratio, whereas Vp in

the axial direction slightly depends on the aspect ratio.

A.3.2 Vertical crack

Vertical cracks have the normals oriented along 8 = 90z, and the azimuthal angles ¢ are
randomly distributed from 02 to 3602 as well as the horizontal cracks. In this case, ny = cos ¢,

ny = sin ¢, and n3 = 0, so that the crack density tensors a;; and B;jr become

27
a1 = %:— ; (cos? p)do = %’
a3 = py(nanz) =0
p 27 3
Brii1 = (ninining) = 7/ cos’ ¢)d =3P (A40)
0
Do 271'
Br212 = (nininang) = o ; (cos? ¢ sin ¢ )dgf)* g

B3333 = pu(nanznznz) = 0.
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Figure A5 Elastic wave velocity as a function of horizontal crack density under dry (a,b)
and water-saturated (unrelaxed) conditions (c,d). The contribution of the fourth-rank crack
density tensor (8;x) is included for both conditions. Numbers in parentheses denote the
propagation angle against the symmetry angle. For water-saturated conditions, typical aspect
ratios of 0.01, 0.001, and 0.0001 are assumed. The calculation was performed assuming no
crack interactions.
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with all other components being zero. The resulting effective compliance tensor in the Voigt

notation is given as:

1 1 3
Si1=—=+ <2 + 81/)) hpy,

Eqy
1
S33 = —
33 E07
1
S12 = =2 + ghvp.,
0 (A41)
Sz = -2
13 E07
201 +1) 1
= ——— + zhp,,
Saa 2 + 5P
2(1 + 1) 1
S = 14 = ) hpy.
66 o +( + QTP) P
The effective stiffness tensor C;; are
1 1
Cll = 1% + —2u 17 )
20300) 1 hpy (14 b)) 2EE2ER) 4y (14 4p,)
Css = Fo + s
33 = Lo - - )
U2l 4 B (14 4h,)
1
Cuu =5y
+v h
(EO o) 2Pv (A42)
1
Ce6 = 577 )
2 1 hp, (14 J400)
Vo
C113 = 2w o )
U2l 4 Bp (14 4h,)
Ci2 = C11 — 206,
where
o (57J
s =(1- 7) 1, A4
W ( 2/)1+0, (A43)
and
16(1 — 2 E
5, = 80— 1) Bty (A1)

37TKf

Figure A6 shows the elastic wave velocities calculated as a function of vertical crack density
using Equation A42, with the crack-free velocities of V¥ = 7.0 km/s and V = 3.8 km/s.
Although trends similar to those for horizontal cracks are observed, the direction in which
the velocity reduction is remarkable is opposite to that for horizontal cracks. Radial Vp and
Vs markedly decrease with vertical crack density, whereas the decreases in axial Vp and

Vsv are relatively small. Thus, the trends of Vp/Vg are also opposite between these two
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cases Under water-saturated conditions, the effect of aspect ratio on the radial Vp becomes

significant, resulting in marked increases in Vp/Vs.

A.3.3 Randomly oriented crack

In the case that the crack normals are randomly oriented, crack normal components are

characterized by the following moments of their orientational distribution:

1 27 pm/2 1
a1y = pr(ning) = prﬁ/o /0 sin 62 cos ¢? sin Hdfd¢ = gpr,

1 2 /2 1
az3 = pr{nang) = pro— / / cos 0% sin 0dOdd = —p,,
2r Jo  Jo 3

1 27 7T/2 1
B = pr{ninining) = Pro— / / sin 0% cos ¢ sin Odfd¢ = =P (A45)
m™Jo Jo

1 27 7\'/2 1
B3333 = pr(n3nsznang) = pro— / cos 0 sin 0dOde = — p,,
2 0 0 5

1 27 pm/2 1
B1133 = pr{niningng) = pr— / sin 62 cos ¢? cos 0% sin 0d0dp = — p,.,

These indicate that there is no anisotropy in the case of randomly oriented cracks, and the

elastic constants to compute the velocities are:

K %
2=1+ P (1+),
K 1-— 21/0 (A46)
Go_yy M0 (1,2,
G o 1+I/0 5 ’
where
, 16(1 — 1)
_ A4
=50 w/2) (Ad7)
and
_({_ ) 9
¢_(1 2>1+5 L (A48)

These equations are comparable to those for scalar crack density presented by Kachanov

(1994).

Figure A7 shows the elastic wave velocities calculated as a function of randomly oriented crack
density using Equation A46, with the crack-free velocities of V{ = 7.0 km/s and V§ = 3.8
km/s. These results are comparable to those calculated using equations by Kachanov (1994)

as expected.
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Figure A6 Elastic wave velocity as a function of vertical crack density under dry (a,b)
and water-saturated (unrelaxed) conditions (c,d). The contribution of the fourth-rank crack
density tensor (f8;r) is included for both conditions. Numbers in parentheses denote the
propagation angle against the symmetry angle. For water-saturated conditions, typical aspect
ratios of 0.01, 0.001, and 0.0001 are assumed. The calculation was performed assuming no

crack interactions.
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Figure A7 Elastic wave velocity as a function of randomly oriented crack density under
dry (a) and water-saturated (unrelaxed) conditions (b). For water-saturated conditions,
typical aspect ratios of 0.01, 0.001, and 0.0001 are assumed. The calculation was performed
assuming no crack interactions.
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