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Abstract

The 2011 off the Pacific coast of Tohoku Earthquake (Mw 9.0) (called as “the
2011 Tohoku-oki earthquake™) nucleated at 24 km depth along the plate boundary and
produced huge slip (~50 m) on the shallow part of the megathrust fault (e.g., Fujiwara et
al., 2011), resulting in destructive tsunamis. Moreover, episodic tremor and slow slip
events occurred just before the 2011 Tohoku-oki earthquake on a shallow portion (less
than 20 km depth) in the Tohoku subduction zone (Ito et al., 2013). Frictional property
of rocks composed of a subducting oceanic plate is one of factors for controlling the
diverse slip behavior from aseismic to seismogenic slip at the Japan Trench. However,
friction data of the rocks to model such subduction earthquakes are quite limited. In this
these, I report the results of an experimental study aimed at determining the frictional
properties of sediments and metamorphic rock that are representative materials along
the plate boundary fault in the Tohoku subduction zone at slow to high slip velocities
under various fluid pressure and temperature conditions. Research outcomes are

outlined below.

1. Coseismic frictional behavior of incoming pelagic sediments to the Japan
Trench: Relationship to large slip during the 2011 Tohoku-oki earthquake

The 2011 Tohoku-oki earthquake produced a very large slip on the shallow part of
a plate boundary fault that resulted in destructive tsunamis. The frictional property of
sediments around the fault, particularly at coseismic slip velocities, may significantly
contribute to large slip along such faults. Hence, I have investigated the frictional
properties of incoming pelagic sediments that will subduct beneath the Tohoku region
(Deep Sea Drilling Project (DSDP), Leg56, Site 436, Core 38 and 40), in order to
understand the rupture processes that can cause large slip in the shallow parts of
subduction zones. Core 38 is diatom-rich clayey sediment, while Core 40 contains
mainly smectite which could correspond to black-colored sheared clay in the plate
boundary fault zone recovered during Integrated Ocean Drilling Program (IODP)

Expedition 343. Experiments are performed at slip velocities of 2.5 x 10 to 1.3 m/s,



normal stresses of 0.8 to 2.0 MPa and slip displacement of ~16 m under brine saturated
conditions, using a rotary-shear friction apparatus at Kochi Core Center. Steady-state
friction coefficient of clayey sediment at the base of the sedimentary section on the
Pacific Plate is remarkably low (¢ < 0.2) over a wide range of slip velocities (0.25 mm/s
to 1.3 m/s), and extremely low fracture energy during slip weakening, as compared with
previous experiments of disaggregated sediments under coseismic slip conditions. My
experimental results suggest that smectite-rich pelagic sediment, possibly source
material of the current plate boundary fault zone, is energetically very easy for
earthquake ruptures to propagate at shallow portion of the Tohoku subduction zone,

leading to large slip near the trench.

2. Depth limits of slow slip events at the Japan Trench based on the frictional
property of plate-boundary material under in-situ conditions

Episodic tremor and slow slip occurred just before the 2011 Tohoku-oki
earthquake on a shallow portion in the Tohoku subduction zone (Ito et al., 2013). To
understand the generation mechanisms of the slow slip events based on frictional
property of the plate boundary fault, friction experiments were performed on
smectite-rich pelagic sediments retrieved from the plate boundary fault during IODP
Expedition 343 using a rotary shear apparatus at Utrecht University. The sediments
were disaggregated and simulated gouges were then sheared at temperatures of
20-200°C, an effective normal stress of 50 MPa and a pore fluid pressure of 50 MPa. I
conducted velocity-stepping sequences (0.3 to 100 um/s) and determined the rate and
state friction parameter (a-b) as it is one of the primary factors controlling the slip
stability. In particular, I investigated how the parameter (a-b) changes with temperature
and slip velocity. At low temperatures of 20°C, the values of parameter (a-b) are
negative at low velocities, while those becomes positive values as increasing velocity to
100 pum/s. This frictional property may inhibit further slip acceleration even if the slip
commences, and could thus represent the upper limit of slow slip events at the shallow
portion of the plate boundary. At temperatures of 50-100°C the gouges show nearly

neutral or slightly negative values of (a-b), while at temperature of >150°C those exhibit



positive values of (a-b) under almost all velocity conditions tested. Slow slip events are
considered to generate under the conditions where (a-b) value is negative and close to
zero, particularly at lower slip velocities. The conditions met at temperatures of
50-100°C in the experiments, that is consistent with temperature conditions where the
slow slip events occurs along the plate boundary. Thus, the frictional properties of the
pelagic sediments explain well the observed distributions of slow slip events along the

plate boundary fault in the Tohoku subduction zone.

3. Frictional properties of blueschist at hypocentral conditions: implications for
the nucleation mechanism of the earthquakes and slow slip events

Diverse slip behavior including large coseismic rupture (e.g. devastating
earthquakes such as the 2011 Tohoku-oki earthquake), micro-seismicity and aseismic
creep (e.g. slow earthquakes) were observed in the Tohoku subduction zone. Despite
considerable research, the mechanisms of the slip behavior, particularly slow
earthquakes, are still not well understood. It is crucial to understand the frictional
behavior of the material that is expected to be present around hypocenters in the Tohoku
subduction zone, under hypocentral conditions of confining pressure, fluid pressure and
temperature. Here I study on frictional property of blueschist at temperatures of
22-400°C, effective normal stresses of 25-200 MPa and pore fluid pressures of 25-200
MPa, using a rotary shear apparatus at Utrecht University. I particularly investigated the
effect of temperature and effective pressure on the rate and state friction parameter (a-b)
by conducting velocity-stepping experiments with velocity range from 0.1 to 100 pum/s.
At 22°C, the gouges show a positive (a-b) values which decrease to become negative
with increasing temperature. At 200°C, the behavior is velocity weakening and shows
negative (a-b) values. In some cases the samples exhibit stick-slip behavior. At 300°C,
slip is velocity weakening (negative (a-b) value) at low pressure but strengthening at
high pressure, showing larger (a-b) values than at 200 °C. The samples show unstable
stick-slips under some conditions. (a-b) values slightly decrease at 400°C. There is also
effective normal stress dependence: (a-b) values are negative at low effective pressure

and increase to positive with increasing effective normal stress except those at 200°C



which remain negative under almost all pressure conditions. My results suggest that
earthquakes can nucleate in blueschist at depths within a temperature range of
100-300°C or/and low effective pressure. The temperature of the Tohoku earthquake
hypocenter is reported to be about 160°C, which is in agreement with my experimental
results. According to my experimental results on the sediments and blueschist, frictional
properties under low effective normal stress are necessary to explain the observed

diverse slip behavior along the Tohoku plate boundary.



Chapter 1

Introduction

1.1 General motivation

Subduction megathrust earthquakes generate when unstable slip is nucleated in
the seismogenic zone, and sometimes result in tsunami. The 2011 off the Pacific coast
of Tohoku Earthquake (Mw 9.0) (called as “the 2011 Tohoku-oki earthquake™), which
hit on 11 March 2011, and subsequent tsunami must be still fresh in our memory (e.g.
Ide et al., 2011; Ozawa et al., 2011; Simons et al., 2011). Other examples are the 1960
Chili earthquake which was the largest event ever recorded (Mw 9.5) (Plafker and
Savage, 1970), or the Sumatra Mw 9.1 earthquake and associated tsunami of December
2004 (e.g. Lay et al., 2005). Moreover slow earthquakes (e.g. slow slip events; low
frequency earthquakes) occur near upper and lower limit of seismogenic zone, such as
the Japan Trench (Obara et al., 2004a; Asano et al., 2008), the Nankai Trough (Obara et
al., 2004b; Ito and Obara, 2006b), the Cascadia (Rogers and Dragert, 2003), and Costa
Rica (Brown et al., 2005). Particularly, episodic tremor and slow slip events occurred
just before the 2011 Tohoku-oki earthquake on the shallow portion in the Tohoku
subduction zone. Thus understanding the generation mechanisms of megathrust
earthquakes, including the large slip during the earthquake resulting in destructive
tsunami, and slow slip events is critical to understanding the diverse seismic activities in
the subduction zone.

Numerous studies have been tackled to these topics in the view point of various
fields, e.g. by experimental studies, simulation or geodesy. Recently, the scientific
drilling initiatives, such as Japan Trench Fast Drilling Project (JFAST) or the Nankai
Trough Seismogenic Zone Experiment (NanTroSEIZE), are also conducted. The drilled
core samples and other information from them are receiving a lot of attention.

To understand both subduction megthrust earthquakes and slow slip events, the
frictional property of rocks composed of a subducting oceanic crust is one of important

factors for controlling the various slip behavior from aseismic to seismogenic slip (e.g.



Scholz, 1998). Many previous studies have focused on the frictional behavior of fault
rocks to understand the stability of frictional sliding. However, friction data of the rocks
to model such subduction earthquakes and slow slip events are quite limited. Almost all
experiments have been conducted under limited experimental conditions (e.g. limit of
temperature, pressure, and shear displacements) and few experiments have been
performed on realistic materials under relevant in-situ conditions. In this thesis, I report
the experimental results done for determining the frictional behavior of materials
expected to present in the Tohoku subduction zone under in-situ P-T conditions,
addressing low sliding velocities relevant to earthquake nucleation and slow slip events

and high slip velocities associated with the rupture propagation during the earthquakes.

1.2 Aims of this thesis

The main goal of my PhD project is to understand the diverse seismic activities at
the Japan Trench including the 2011 Tohoku-oki earthquake based on frictional
properties of rocks existed at the Tohoku subduction zone. I report the results of an
experimental study aimed at determining the mechanical properties of (1) sediments that
are collected at the Japan Trench by the Deep Sea Drilling Project (DSDP) and
Integrated Ocean Drilling Program (IODP) and (2) metamorphic rocks that are exhumed
possibly from the depth of hypocenter area of major earthquakes at the Tohoku
subduction at low to high slip velocities under various fluid pressure and temperature
conditions. I believe that the properties at low to intermediate slip rates potentially
control the initiation processes of diverse slip behavior in the Japan Trench (e.g.,
seismic and aseismic slip behaviors), whereas frictional properties at high slip rates are
essential to understand the rupture propagation toward the shallow part of subduction

zone, leading to the megathrust earthquake and subsequent tsunami generation.



Chapter 2

Frictional properties of incoming pelagic sediments at the
Japan Trench: implications for large slip at a shallow plate
boundary during the 2011 Tohoku earthquake

This chapter was published as: Sawai, M., Hirose, T. and Kameda, J., 2014. Frictional properties of
incoming pelagic sediments at the Japan Trench: implications for large slip at a shallow plate
boundary during the 2011 Tohoku earthquake. Earth, Planets and Space, 66(1), 1-8, DOI
10.1186/1880-5981-66-65.

Reprinted with permission from Springer.

Abstract

The 2011 Tohoku earthquake (Mw 9.0) produced a very large slip on the shallow part of
a megathrust fault that resulted in destructive tsunamis. Although multiple causes of
such large slip at shallow depths are to be expected, the frictional property of sediments
around the fault, particularly at coseismic slip velocities, may significantly contribute to
large slip along such faults. I have thus investigated the frictional properties of incoming
pelagic sediments that will subduct along the plate boundary fault at the Tohoku
subduction zone, in order to understand the rupture processes that can cause large slip in
the shallow parts of subduction zones. My experimental results on clayey sediment at
the base of the sedimentary section on the Pacific Plate yield a low friction coefficient
of <0.2 over a wide range of slip velocities (0.25 mm/s to 1.3 m/s), and extremely low
fracture energy during slip weakening, as compared with previous experiments of
disaggregated sediments under coseismic slip conditions. Integrated Ocean Drilling
Program (IODP) Expedition 343 confirmed that the clay-rich sediment investigated here
is identical to those in the plate boundary fault zone, which ruptured and generated the
Tohoku earthquake. The present results suggest that smectite-rich pelagic sediment not

only accommodates cumulative plate motion over interseismic periods but also
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energetically facilitates the propagation of earthquake rupture towards the shallow part

of the Tohoku subduction zone.

2.1 Introduction

An unexpectedly large coseismic slip at a shallow plate interface was produced by
the 2011 Tohoku earthquake, and it extended near the trench (e.g., Fujiwara et al. 2011;
Ide et al. 2011; Ito et al. 2011; Ozawa et al. 2011; Mitsui et al. 2012). Frictional
properties of a fault, particularly at coseismic slip velocities, are a key control on
whether an earthquake rupture can propagate up-dip through subduction forearcs (e.g.,
Faulkner et al. 2011). Recently, the active slip zone of the Tohoku earthquake was
successfully sampled by the Integrated Ocean Drilling Program (IODP) Expedition 343
(Chester et al. 2013; Fulton et al. 2013). The fault zone is highly localized and consists
of clay-rich material with a scaly fabric (Chester et al. 2013). The clay-rich materials in
the fault zone exhibit very low friction not only at coseismic slip velocities (ca. m/s) but
also at low slip velocities (ca. pm/s) (Hirose et al. 2013; Ujiie et al. 2013). These studies
have proposed that this frictional property of the fault zone potentially facilitated the
shallow and large slip during the Tohoku earthquake. However, it is also possible that
the measured very low friction of the plate boundary fault resulted from the large slip
(>50 m) during the Tohoku earthquake, and the frictional property of the fault prior to
the earthquake is poorly known.

In this study, I investigate the frictional properties of incoming pelagic sediments
at the Tohoku subduction zone that were collected from the outer rise of the Pacific
Plate by Leg 56 of the Deep Sea Drilling Project (DSDP; Figure 1). In particular, I focus
on the clay-rich sediment at the base of the sedimentary section of the Pacific Plate,
which is a potential section to be the plate boundary fault confirmed by Expedition 343
(Chester et al. 2013). I consider this clay-rich sediment as an analog of the material
along the plate boundary fault prior to the Tohoku earthquake. Thus, the results of my
friction experiment of this sediment at coseismic slip conditions provide information on

the frictional property of the plate boundary fault during the Tohoku earthquake. Based
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on the frictional property of the pelagic sediments, I discuss a possible mechanism of

the large slip along the shallow plate boundary during the Tohoku earthquake.

2.2 Experimental methods

I used pelagic sediments deposited on the Pacific Plate collected from Site 436 of
DSDP Leg 56 (Core 38 at 358 mbsf and Core 40 at 376.8 mbsf) for my friction
experiments (Figure 1b). The core sites are located ca. 260 km northeast of Site C0019
drilled during IODP Expedition 343 (Figure la). Core 38 is composed mainly of
diatomaceous amorphous silica (approximately 69 wt.%) with some clays, quartz, and
plagioclase, whereas Core 40 is dominated by clay minerals (approximately 85 wt.%)
with minor quartz, amorphous silica, and plagioclase. The clay in both samples is
mainly smectite, with minor illite and kaolinite, as quantitatively identified by X-ray
diffraction (XRD) analysis (Figure 2). Based on the mineralogy and lithology of that
region, the smectite-rich Core 40 sediment appears to be identical to the material in the
plate boundary fault zone observed at Site C0019 (Chester et al. 2013).

Friction experiments were conducted on disaggregated samples that are analogs
of fault gouge, following the procedures of Mizoguchi et al. (2007). One gram of
sample was placed between porous sandstone cylinders with diameters of 25 mm and
porosity of approximately 18%. The sample was confined using a Teflon sleeve. The
effect of Teflon friction on mechanical data was corrected by subtracting the intercept
value obtained from a shear stress versus normal stress plot (Figure 3b,e), following
Togo et al. (2011). The experiments were performed at constant slip velocities ranging
from 0.25 mm/s to 1.3 m/s, constant normal stresses of 0.7 to 2.0 MPa, and with a
nearly constant total displacement of approximately 16 m using a rotary shear friction
apparatus (Shimamoto and Tsutsumi 1994; Hirose and Shimamoto 2005). Both the
gouge sample and host rocks were saturated with brine in a vacuum chamber before the
experiments. A high-velocity slip on the fault was obtained by keeping one specimen
stationary while rotating the other at high speed using a servomotor. Equivalent slip
velocity and displacement, which are used in this study to present experimental results,

follow the definitions in Hirose and Shimamoto (2005). I also measured the temperature
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increase by frictional heating in this simulated fault zone with a K-type thermocouple
that was placed on a surface between the gouge zone and host rock on the stationary

side.

2.3 Results

In both Cores 38 and 40 at a coseismic slip velocity of 1.3 m/s, typical slip
weakening behavior appears at all normal stresses between 0.7 and 2.0 MPa. The
friction coefficient (=measured shear stress / applied normal stress) rapidly increases
with slip velocity to 1.3 m/s at the onset of sliding (hereafter referred to as the initial
peak of friction) and subsequently decreases almost exponentially to below 0.2 with
displacement over a characteristic slip weakening distance of 0.03 to 1.08 m (Figure
3a,d; Table 1). The slip weakening distance and steady-state values were calculated by
fitting the entire data set from the peak friction to the end of runs with the empirical

equation of Mizoguchi et al. (2007):

u(d) = p, + (s, — ) exp[ In(0.05)d / D, |

where 4 is the friction coefficient at displacement d, y, is the peak friction coefficient,
Uss 18 the steady-state friction coefficient, and D. is the slip-weakening distance defined
as the displacement corresponding to the 95% reduction of (¢ — uss). The temperature in
the fault zone at a slip velocity of 1.3 m/s and normal stress of 1.0 MPa increased to
150°C and 110°C after a displacement of approximately 16 m in Cores 38 and 40,
respectively (Figure 3a,d). However, little temperature rise was observed during slip
weakening.

Figure 3b,e shows the normal stress dependence of shear stress at the initial peak
and steady-state stages (coseismic slip velocity = 1.3 m/s). The linear slope of the
steady-state data shows low friction coefficients of 0.1 and 0.07 for Cores 38 and 40,
respectively. Thus, shear stress is nearly independent of normal stress at this coseismic
slip velocity. The slope of the initial peak data is quite different for the two samples,

with the friction coefficient being 0.63 for Core 38 and 0.18 for Core 40. This difference
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appears to reflect the friction coefficients at lower slip velocities. For Core 38, the
friction coefficient at steady state shows a decrease from 0.52 to 0.09 over slip
velocities ranging from 0.31 mm/s to 1.3 m/s. In contrast, Core 40 exhibits nearly
constant friction values of 0.06 to 0.18 over more than 4 orders of magnitude change in
slip velocity (Figure 3c,f).

Microstructures of the two core samples sheared at a normal stress of 1.0 MPa
and a slip velocity of 1.3 m/s were compared under a scanning electron microscope
(SEM). In Core 38, deformation features such as compaction and grain size reduction
are developed within a 0.5-mm-thick zone on the rotation side (Figure 4a). No localized
slip surfaces are evident in this zone. On the stationary side, diatoms still retain their
original shape. These microstructures indicate that fracturing and subsequent
shear-enhanced compaction are the dominant deformation processes taking place during
the experiment. In contrast, Core 40 exhibits widely distributed oblique shear planes
characterized by the preferential alignment of clay particles towards the rotation side of
the host rock (Figure 4b). This texture is similar to the scaly fabric observed in the
drilling core from the plate boundary fault collected by IODP Expedition 343 (Chester
et al. 2013). The difference in deformation textures between Cores 38 and 40 might
result from the differences in clay content, which have a strong effect on frictional

behavior at low velocities.

2.4 Discussion

Figure 5 shows the steady-state friction of Cores 38 and 40 as a function of slip
velocity, compared with the steady-state friction of the core samples recovered from the
Japan Trench as well as the Nankai subduction zone. Apart from Core 40, the overall
trend of the friction-velocity curve is consistent with other rock types (e.g., Di Toro et al.
2011). Core 40 characteristically exhibits low friction of 0.06 to 0.18 at slip velocities
from 0.25 mm/s to 1.31 m/s. This relationship could reflect clay content and, in
particular, smectite content, as the friction of smectite is relatively low for a clay
mineral due to the low strength of its interlayer bond (Moore and Lockner 2004). A

similar velocity dependence on the friction of clay-rich gouge with 60% to 70%
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smectite has been reported by Ferri et al. (2011). The total clay content of Core 40 is
estimated to be 85%, including a smectite content of 76%, whereas that of Core 38 and
the Nankai samples ranges from 53% to 64% (Expedition 316 Scientists 2009a, b). It
appears that at least 50% smectite is necessary to lower frictional strength, although the
effect of the smectite fraction in gouge on friction depends strongly on slip velocity,
normal stress, strain, fluid saturation conditions, and interlayer cations (e.g., Saffer and
Marone 2003; Behnsen and Faulkner 2013). Smectites are abundant in sediments on
subducting oceanic plates, and thus, further studies are needed to investigate the effect
of smectite on frictional behavior and fault rheology under various conditions in the
shallow parts of plate boundaries.

The frictional work on a fault plane during slip weakening is known as the
fracture energy, and its magnitude indicates the ease with which a rupture may
propagate (Tinti et al. 2005; Cocco et al. 2006). I calculated the fracture energy at
coseismic slip velocity from the area under the shear stress versus displacement curve,
as shown in the inset in Figure 6. I also roughly estimated the fracture energy of the
plate boundary fault from the shear stress versus displacement curves reported in Ujiie
et al. (2013), for comparison. The calculated values range between 0.001 and 0.121
MJ/m? in both Cores 38 and 40 (Table 1), and that in the plate boundary fault is
approximately 0.2 MJ/m?. These values are 2 orders of magnitude lower than for other
gouges, apart from talc, which were deformed previously under nearly the same
experimental conditions using similar rotary shear apparatuses (Mizoguchi et al. 2007;
Brantut et al. 2008; Boutareaud et al. 2012; Sawai et al. 2012). Based on the
microstructural observations and temperature data, the observed low fracture energy
probably results from a shorter slip weakening distance. The shorter weakening distance
is most likely due to pressurization of pore fluid by shear-enhanced compaction, and
probably not by shear heating because almost no temperature rise takes place during slip
weakening (Figure 3a). Ujiie and Tsutsumi (2010) and Faulkner et al. (2011) suggested
the same mechanism of dynamic weakening at the onset of rapid slip. Although such
fluid pressurization might commonly occur in gouge experiments at high slip velocities

and large displacements, the lower fracture energy as compared with other gouge
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samples is confirmed as a characteristic of incoming sediments as well as the plate
boundary fault at the Japan Trench (Figure 6). A primary factor for lowering the fracture
energy of those sediments is currently unclear and will be investigated in detail in future
work.

The low fracture energy of the investigated sediments and the plate boundary
fault suggests that when the incoming pelagic sediments subduct into the plate boundary
at the Japan Trench, those can energetically facilitate earthquake ruptures to propagate
to shallow depths in the Tohoku subduction zone, where smectite is present and has not
been transformed to illite (Figure 6). However, there is a significant contrast in
steady-state friction at low velocities in the two cores. Core 38 has a friction coefficient
of approximately 0.5 at slip velocities of 0.31 mm/s to 0.13 m/s, whereas Core 40 is
characterized by low friction of <0.2 over a velocity range from 0.25 mm/s to 1.31 m/s,
which is much lower than the value predicted by Byerlee's law (Figure 5). Such a weak
formation in a sedimentary sequence on the subducting Pacific Plate could become a
potential site for a future plate boundary fault. In fact, this smectite-rich formation is
identical to that in the plate boundary fault zone recognized by drilling in the Tohoku
forearc during IODP Expedition 343 (Chester et al. 2013). The observed frictional
properties of the smectite-rich pelagic sediment appear to be responsible for
accommodating not only the cumulative plate motion over interseismic periods but also

the coseismic slip during the Tohoku earthquake.

2.5 Conclusions
A series of rotary shear friction experiments was performed on the pelagic
sediments entering the Japan Trench in order to understand the rupture processes that
caused the large slip during the Tohoku earthquake. The main results of this study are as
follows:
1. Incoming pelagic sediments on the Pacific Plate collected from Site 436 of DSDP
Leg 56 (Cores 38 and 40) show slip weakening behavior at coseismic slip
velocities. However, at low velocities, there is a significant difference in the

friction coefficient between the two cores. The steady-state friction coefficient of
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Core 38 has high values of approximately 0.5 at low velocities, but decreases to
<0.1 as seismic slip velocity increases to 1.3 m/s. In contrast, the steady-state
friction coefficient of Core 40 is remarkably low (<0.2) over a wide range of
velocities (0.25 mm/s to 1.31 m/s).

. SEM observations of the samples revealed different deformation processes in the
fault zone. Core 40 is characterized by the preferred orientation of clay particles
along distributed shear planes, resulting in the development of a scaly fabric,
similar to that from the Tohoku plate boundary fault documented by IODP
Expedition 343. In contrast, fracturing and subsequent shear-enhanced
compaction appear to be the dominant deformation processes in Core 38. The
difference in frictional properties between the two sediments can be attributed to
a difference in smectite content that potentially controls deformation processes
during fault zone shearing.

. The specific fracture energy of the sediments during slip weakening at coseismic
slip velocity ranges from 0.001 to 0.121 MJ/m?. These values are lower by more
than 2 orders of magnitude than those of previous experiments conducted under
similar conditions on disaggregated sediments. These results suggest that the
incoming pelagic sediments make it energetically easy for earthquake ruptures to
propagate up-dip along the plate boundary and therefore led to the large

near-trench slip during the Tohoku earthquake.
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Figure 2.1 Locations of Site 436 and Site C0019 and lithologic zonation of DSDP Site

436. (a) Locations of Site 436 (DSDP Leg 56) and Site C0019 (IODP Expedition 343)

(J-FAST) (red triangles). Orange contour lines at 4-m intervals show the coseismic slip
displacement of the 2011 Tohoku earthquake off the Pacific coast of Japan, as compiled
from Ozawa et al. (2011). The yellow star denotes the epicenter of the mainshock, and
gray circles are the aftershocks and the largest foreshock. The blue line shows the Japan
Trench. (b) Lithologic zonation of DSDP Site 436 (modified from Shipboard Scientific
Party 1980). The drilling depth was 397.5 m below sea floor (mbsf) at this site. Core 38
(blue line) and Core 40 (red line) used in this study were recovered from 358 and 376.8

mbsf, respectively.
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Figure 2.2 X-ray diffraction patterns of the pelagic sediments used for the experiments.

Sm, smectite; 111, illite; KlIn, kaolinite; Qz, quartz.
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Figure 2.3 Frictional behavior of pelagic sediments sampled from Cores 38 and 40 of
DSDP Site 436. (a, d) Friction coefficient versus displacement curves at a constant slip
velocity of 1.3 m/s under normal stresses of 0.7 to 2.0 MPa. Temperature evolution of
the fault zone during the run at a normal stress of 1.0 MPa is shown by the red dotted
lines. Inserted plots show an enlarged view of the onset of the slip. (b, €) Measured
shear stress plotted against applied normal stress at initial peak friction (blue diamonds)
and steady-state friction (red circles). Intercepts have been interpreted as due to friction
between the Teflon sleeve and the outer surface of the specimen. (c, f) Friction
coefficient versus displacement curves at a constant normal stress of 1 MPa and

different slip velocities of 0.25 mm/s to 1.3 m/s.
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Figure 2.4 SEM photomicrographs of Cores 38 (a) and 40 (b). The two core samples

were deformed at a normal stress of 1.0 MPa and slip velocity of 1.3 m/s (run numbers

are HVR 3278 and 3265, respectively).
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Figure 2.5 Steady-state friction coefficient plotted against the logarithm of slip velocity.
Blue and red circles show the data determined in this study using samples from DSDP
Site 436. Yellow triangles are the data obtained through rotary shear experiments on the
plate boundary fault collected at the Japan Trench (Expedition 343; Site C0019),
reported in Ujiie et al. (2013). Other symbols are experimental results obtained by
rotary shear experiments on sediments that occur around faults in the Nankai Trough
(Expedition 316; Sites C0004D and CO0007D), from Ujiie and Tsutsumi (2010),

Tsutsumi et al. (2011), and Hirose et al. (2008), shown for comparison.
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Figure 2.6 Logarithm of fracture energy (EG) plotted against normal stress. Fracture
energy represents a part of the frictional work that occurs during slip weakening over a
characteristic distance (Dc), which is defined by the shaded area under a shear stress
versus displacement curve (inset). Dc was calculated by fitting data with an empirical
exponential equation (Mizoguchi et al. 2007) (red dashed curve). Data for Cores 38 and
40 from Site 436 are shown as blue and red circles, respectively. Also shown are the
fracture energy of the plate boundary fault from the Japan Trench (Ujiie et al. 2013), the
Nojima fault gouge (Mizoguchi et al. 2007; Sawai et al. 2012), kaolinite-bearing gouge
from the Median Tectonic Line (Brantut et al. 2008), and talc gouge (Boutareaud et al.
2012), as determined under similar experimental conditions to those of the present

study.
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Table 1 Summary of friction experiments on Cores 38 and 40 from DSDP Site 436

Specific

Experimental ~ Normal stress  Slip velocity Displacement D,
Ho Lss fracture energy

number (MPa) (m/s) (m) (m)

(MJ/m?)
Core 38
HVR 3269 1.5 1.31 16.2 0.51 0.09 +0.001 0.08 +0.005 0.017
HVR 3270 2.0 1.31 15.7 0.72  0.11£0.000 0.03 +0.001 0.013
HVR 3271 0.8 1.31 16.1 0.78  0.14+0.001 0.05 + 0.004 0.008
HVR 3272 1.7 1.31 16.0 0.59  0.11£0.001 0.04 +0.003 0.012
HVR 3273 1.0 0.35 154 0.51 0.33+0.001 0.01 +0.005 0.001
HVR 3274 1.0 0.13 11.8 0.49  0.45+0.001 0.04 +0.031 0.001
HVR 3275 1.0 0.013 6.0 - 0.50 +0.066 - -
HVR 3276 1.0 0.0014 5.8 - 0.57 +0.036 - -
HVR 3277 1.0 0.00031 32 - 0.52+0.015 - -
HVR 3278 1.0 1.31 16.2 0.64  0.07+0.001 0.21 +£0.009 0.039
HVR 3440 1.0 1.31 16.0 0.68  0.10+0.001 0.06 £ 0.003 0.012
Core 40
HVR 3190 1.0 1.31 47.7 0.31 0.07 +0.000 0.84 +£0.022 0.067
HVR 3192 1.5 1.31 16.1 0.20  0.08 £0.000 1.07 £0.042 0.068
HVR 3193 2.0 1.31 16.7 0.23  0.06£0.000 1.08 £ 0.026 0.121
HVR 3194 1.0 0.13 15.7 022 0.15+0.000 - -
HVR 3195 1.0 0.013 2.4 020  0.14+0.000 - -
HVR 3196 1.0 0.014 5.6 0.11 0.10+0.010 - -
HVR 3197 1.0 0.35 13.5 0.24  0.10+0.000 - -
HVR 3199 1.0 0.00025 6.7 0.10  0.09 +0.008 - -
HVR 3200 1.0 1.31 16.2 023  0.11+£0.000 0.41 +£0.035 0.017
HVR 3206 0.7 1.31 16.5 030  0.07+0.001 0.23+£0.019 0.013
HVR 3208 1.7 1.31 16.1 0.23  0.09 +0.000 0.73 £ 0.024 0.062
HVR 3265 1.0 1.31 16.2 035  0.18+0.000 0.11£0.011 0.006
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Chapter 3

Depth limits of slow slip events at Tohoku subduction zone:
Insights from friction experiments under in-situ conditions

Abstract

Episodic tremor and slow slip events have occurred on a shallow portion in the Tohoku
subduction zone. To understand the generation mechanisms of the slow slip events
based on frictional property of the plate boundary fault, I have conducted friction
experiments on smectite-rich pelagic sediments retrieved from the plate-boundary thrust
during IODP Expedition 343. The sediments were sheared at temperatures of 20-200°C,
an effective normal stress of 50 MPa and a pore fluid pressure of 50 MPa and slip
velocities of 0.3 to 100 pum/s. At low temperatures of < 50°C, the smectite-rich
sediments mainly exhibit negative values of (a-b). However, the sediments show neutral
to positive (a-b) values at temperatures of >100°C. In addition, the value of parameter
(a-b) depends significantly on slip velocities: at low temperature it increases from
negative to positive with increasing slip velocities, whereas it tends to decrease with
increasing slip velocities at temperatures higher than 100°C. The downdip temperature
limit of the slow slip events at Japan Trench seems to be in the range between 100 to
150°C. The transition in (a-b) value from neutral to positive, occurs at the same
temperature range. Hence, this could correspond to the observed downdip limit of the
slow slip events. Furthermore, at the lowest temperature of 20°C this transition also
occurs, but with increasing slip velocity. This frictional property may inhibit further slip
acceleration even if the slip commences, and could thus represent the upper limit of

slow slip events at the shallow portion of the plate boundary.

3.1 Introduction
Subduction zone earthquakes are generated by megathrust faults and sometimes
result in devastationg tsunamis. On the other hand various type of aseismic events (e.g.

slow slip events and tremor) also occurred throughout subduction. Indeed slow slip
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events was detected just before the 2011 Tohoku-oki earthquake and locations of those
seismic and aseismic events seem to overlap each other (Kato et al., 2012; Ito et al.,
2013)(Figure 3.1b). However why those different slip behavior occurs at nearly same
pressure and temperature conditions is still unknown. The frictional properties of fault
rocks is one of the important factors controlled the mechanical behavior of major fault.
Integrated Ocean Drilling Program (IODP) Expedition 343 and 343T (Japan Trench
Fast Drilling Project, JFAST) sailed in order to investigate the plate-boundary
décollement at the Japan Trench and the active slip zone of the 2011 Tohoku-oki
earthquake was successfully sampled at core site C0019 (Chester et al., 2012, 2013;
Fulton et al., 2013) (Figure 3.1a). The fault zone is highly localized and consists of
clay-rich material with a scaly fabric (Chester et al. 2013). Frictional behavior on this
plate-boundary clay material was investigated under low slip velocity conditions by
Ikari et al. (2015) and at coseismic slip velocity (~1m/s) by Ujiie et al. (2013), and
Sawai et al. (2014) explored the frictional properties of incoming clay-rich pelagic
sediments just prior to subduction which is a potential section to be the plate boundary
fault (Deep Sea Drilling Project (DEDP) Leg 56, Site 436). These studies have revealed
that the plate-boundary fault zone which composed by smectite-rich sediments is
extremely weak and allow the rupture to propagate very easy. Clay minerals, smectite
and illite in particular, have been well studied because the velocity strengthening and
properties of stable sliding of clay-rich sediments have probably resulted in the lack of
seismicity on the shallow portion at subduction zone (Logan and Rauenzahn, 1987;
Saffer and Marone, 2003; Moore and Lockner, 2004; Ikari et al., 2007, 2009; Faulkner
et al., 2011) at low temperature condition. Almost all clays and mixtures of clay and
quartz exhibit velocity-strengthening behavior even when its friction levels are low
(Logan and Rauenzahn, 1987; Ikari et al., 2009; Tembe et al., 2010). However the
frictional properties of smectite show complex: velocity-weakening behavior at slow
sliding velocity and low normal stress conditions (Saffer et al., 2001; Saffer and Marone,
2003). As it showed, systematic and detailed study on frictional constitutive properties,
especially under in-situ conditions, is important to understand the stability of fault

gouge. There is a high possibility that distributions of seismic and aseismic region is
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thermally controlled and increasing temperature with depth should alter the mechanical
properties of such clay minerals. Therefore to reveal the frictional properties of
clay-rich sediments under elevating temperature is needed to understand the various
seismic activities including the slow slip events at shallow portion.

I thus investigate the frictional properties of the smectite-rich sediment at various
temperature conditions and discuss how its properties change with increasing

temperature, i.e. with the plate subducting to the Japan Trench, based on its properties.

3.2 Experimental methods
3.2.1 Starting material

I used smectite-rich clay sediment for the friction experiments derived from the
Japan Trench, cored during IODP Expedition 343, JFAST. This smectite-rich sediment
at 822 mbsf is the plate-boundary décollement which identified in core 17 collected
from Site C0019 (Chester et al., 2012, 2013; Kirkpatrick et al., 2014; Kameda et al.,
2015). Core 17 I used is dominated by clay minerals (approximately 90 wt.%) with
minor quartz and plagioclase (Kameda et al., 2015). The clay is mainly smectite, with
minor illite and kaolinite, as quantitatively identified by X-ray diffraction (XRD)
analysis. The smectite-rich sediment was crushed by hand and sieved at <125 pm in
order to prepare simulated gouges for the experiments. I prepared the ring-shaped
samples with inner and outer diameters of 22 and 28 mm before the experiments by
pre-pressuring ~0.81 g of the simulated fault gouges mixed with ~0.05 g of distilled
water, in order to reduce loss of sample material during the experiments. Pre-pressing

was conducted at 50 MPa for 20 min at room temperature.

3.2.2 Friction experiments

Friction experiments on smectite-rich sediment were performed using the
hydrothermal ring shear apparatus at Utrecht University (described in detail by
Niemeijer et al., 2008 and den Hartog et al., 2012a) (Figure 3.2). The ring-shaped
samples were contained between two roughened opposing superalloy pistons, which

thickness prior to loading is ~1.7 mm (Figure 3.2). The gouge sample is kept in place by
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inner and outer confining rings of stainless steel which were coated with Molykote
spray to reduce wall friction. In this study, after loading the vessel into the Instron frame,
an effective normal stress is applied before the distilled water was obtained into the pore
fluid system because smectite-rich samples are very easy to go out of the original
position through the tiny gap or opening. After applying a fluid pressure of ~10 MPa,
then the furnace was switched on. Since the fluid pressure increased during heating, I
withdrew water from the system to keep the desired fluid pressure (50 MPa). The
system was subsequently left to equilibrate and then start to be rotated by a
servo-controlled motor and gearbox. Smectite-rich sediment were deformed at
temperatures (7) of 20-200°C, effective normal stresses (on®") of 50 MPa, a fluid
pressure (Py) of 50 MPa and sliding velocities of 0.3-100 pm/s.

The velocity dependence of friction is described by the rate and state dependent

friction (RSF) law (Dieterich, 1978, 1979; Ruina, 1983), which is written

= o + al (V>+bl (V"e) 5.1
H=to taln (g "\ D, (5.1
d9_1 Ve s
dt =~ D, (5:2)

where 4 is the instantaneous friction coefficient, upo is a reference friction coefficient at a
reference velocity V. @1s a state variable and D, is a characteristic distance. a is a direct
effect, which reflects an instantaneous response in u resulting from a stepwise change in
velocity. b represents the a decay in the friction to a new steady-state, called an
evolutionary effect. The frictional stability are quantified using the parameter (a-b),

which given by equation (5.1) and (5.2):

by = Apss c
(a— )—m (5.3)
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(e.g. Marone, 1998; Scholz, 1998). Ass is the change in steady-state friction coefficient
when slip velocity changes from Vo to V. A positive (a-b) value means that a slip
accelerates friction increases and stable slip occurs, i.e. velocity-strengthening. And
negative ones signify velocity-weakening. I performed velocity-stepping sequences to
determine these rate and state parameter on the smectite-rich sediment and explored

how this parameter changed with temperature and slip velocity.

3.3 Results

Table 3.1 lists each experiment and the corresponding experimental conditions.
The samples were first deformed through an initial displacement of approximately 10
mm before the velocity-stepping. I have repeated the same velocity-stepping sequences
four times to explore the effect of shear displacement. Friction coefficient («) as a
function of displacement is shown in Figure 3.3. The average of friction at each
temperature is p = 0.3-0.4.

The velocity dependence of u, described as (a-b), is shown in Figure 3.4, 3.5, and
3.6 which illustrate the effect of temperature, slip velocity and shear strain, respectively.
At low temperatures of 20°C, the simulated gouges exhibit negative values of (a-b) with
a background friction coefficient of 0.38, except at the highest slip velocity of 0.03-0.1
mm/s. However, the gouges show neutral to positive values of (a-b) at temperatures of
>50°C with the same background friction coefficient as at lower temperatures. In
addition, the value of parameter (a-b) depends significantly on slip velocities: at
temperatures of 20°C it increases from negative to positive with increasing slip
velocities to 0.1 mm/s, whereas it tends to decrease with increasing slip velocity at
temperatures higher than 150°C. There is also the effect of shear strain at 20°C, which
the value of parameter (a-b) decrease with increasing the shear strain, although (a-b)
values at other temperatures don’t exhibit any clear dependence on shear strain.

The constitutive parameter a, b and D. show various and complex behavior.
These values are plotted against temperature in Figure 3.7. With increasing the
temperature, the parameter a increases and b decrease, whereas D. seems to be

independent of temperature. For the slip velocity, the parameter a, b and D. display
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more complex behavior (Figure 3.8). The parameter a seems to increase with increasing
(a-b) and decrease with decreasing (a-b): a decrease with increasing slip velocity at
20°C, exhibit neutral approaching ~0.005 at 50-100°C and decrease with decreasing slip
velocity at 200°C (Figure 3.8a, d, g, j, m). The values of b is generally constant although
it shows a negative dependence on slip velocity at 20°C (Figure 3.8b, e, h, k, n). D
looks like it exhibit a small positive dependence, but not clear. Figure 3.9 shows the
same friction parameter a, b and D. plotted against shear strain. These values are
insensitive to shear strain, except the values of b at 20°C which show a positive

dependence.

3.4 Discussion
3.4.1 Comparison with previous data

It is widely accepted that clay minerals including smectite mainly exhibit
velocity-strengthening behavior. However my results revealed that smectite-rich clay
sediment show velocity-weakening behavior under some set of temperature and slip
velocity conditions. Saffer et al. (2001) and Saffer and Marone (2003) have reported
that smectite under the room temperature exhibits velocity-weakening at low slip
velocities (< 20 um/s) and low normal stress (< 40MPa) conditions. In the present study,
smectite-rich clay sediment also show velocity-weakening at post-step velocity < 30
um/s under room temperature, which shows good agreements with previous studies
(Figure 3.4, 3.5). In addition, I find that increasing temperature alter the frictional
properties of smectite-rich sediment. Although the values of parameter (a-b) change
from negative to positive with increasing slip velocity at room temperature as shown
previously, that trend gradually disappears and become to be neutral with increasing
temperature. Furthermore the opposite tendency appear more than 150°C and the (a-b)
values finally become positive under all velocity condition at 200°C (Figure 3.5). [ have
not find any evidence yet, but it is probably due to the beginning of some reactions,
such as dehydration. The positive (a-b) values at high temperature is likely to import
that water resulting from the dehydration behaves as a pore fluid pressure and yields

dilatant which generally causes the velocity-strengthening behavior.
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Smectite-rich pelagic sediments retrieved from the plate-boundary thrust during
IODP Expedition 343 is highly localized (Chester et al., 2012, 2013; Kirkpatrick et al.,
2014). From the repeated velocity-step tests, I confirmed that there is a strain
dependence at room temperature: the values of (a-b) decrease with increasing shear
strain. Marone and Cox (1994) has reported the same results using gabbro. Moreover |
extended the temperature condition to higher regimes and found that the parameter (a-b)
is approximately independent at the temperature > 50°C. Mechanisms of such complex
frictional behavior are still unknown, so further works, such as microstructural

observations, are clearly needed.

3.4.2 Frictional constitutive properties

Frictional constitutive parameter I investigated revealed the some relationship
with the frictional behavior on fault. The values of (a-b) obtained in present study are
attributable to the friction parameter a and/or b. Those values at the room temperature in
this study show similar dependence on slip velocity to those reported by Ikari et al.
(2009). With increasing slip velocity, the parameter a increase and b decrease. For the
temperature, the velocity dependence of friction are especially attributed to the
parameters a and b. The higher (a-b) is due to high values of @ and in particular neutral
or negative b. The values of b decrease with increasing temperature and approach to 0 at
200°C. Scholz (2002) interpreted that the parameter b reflected the evolution of contact
area with time and Saffer and Marone (2003) suggested that neat 0 values of b result
from complete contact of clay gouge surfaces and not changing the real contact area
after the velocity step. The contact area of smectite is likely to become to saturate with

elevating temperature.

3.4.3 Implications for slow slip events at the Japan Trench

A number of studies have modeled slow earthquakes using elastic material, and
friction laws as the boundary condition on the fault interface. Tse & Rice (1986)
introduced this method into numerical modeling using a rate and state friction law.

Based on this view, some studies used friction laws with a velocity cutoff, where
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friction changes from velocity weakening to velocity strengthening and explain the
mechanism of slow slip events (Kato, 2003; Shibazaki and lio, 2003; Shibazaki and
Shimamoto, 2007). The downdip temperature limit of the slow slip events at Japan
Trench seems to be in the range between 100 to 150°C (Figure 3.1b). The transition in
(a-b) value from neutral to positive, particularly at lower slip velocities, occurs at the
same temperature range in present results. Hence, this could correspond to the observed
downdip limit of the slow slip events. Slow slip event occurs when (a-b) shows a very
small negative value (e.g. Scholz, 1998). The temperature range, where slow slip events
occurred, is considered about 50°C to 100°C. The values of (a-b) on smectite-rich
sediment is just small negative to neutral values under these temperature regime, which
in agreement with the observed slow slip area. Furthermore, at the lowest temperature
of 20°C, velocity-weakening to strengthening transition also occurs, but with increasing
slip velocity. This frictional property may thus inhibit further slip acceleration even if
the slip and rupture propagation begin, and could associate with the upper limit of slow

slip events at the shallow portion of the plate boundary.

3.5 Conclusions
I performed friction experiments on smectite-rich pelagic sediments retrieved
from the plate-boundary thrust during IODP Expedition 343 to understand mechanisms
of the slow slip events at the Japan Trench. The main results of my results are as follow.
1. At low temperatures of 20°C, the value of parameter (a-b) depends
significantly on slip velocities. The simulated gouges exhibit negative values
of (a-b) at low velocities, while these values becomes positive as increasing
velocity to 100 um/s. This frictional property may prevent further slip
acceleration even if the slip commences, and could thus represent the upper
limit of slow slip events at the shallow portion of the plate boundary.
2. At temperatures of 50-100°C, the gouges show nearly neutral or slightly
negative values of (a-b). This frictional properties can yield slow slip events,
which are considered to generate under the conditions where (a-b) is small

negative values. The conditions met at temperatures of 50-100°C in present
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experiments, that is consistent with temperature conditions where the slow slip
events occurs along the plate boundary.

At temperature of >150°C those exhibit positive values of (a-b) under almost
all velocity conditions tested. The transition in (a-b) value from neutral to
positive occurs in the range between 100 to 150°C. The downdip temperature
limit of the slow slip events at Japan Trench seems to be at the same
temperature range. Hence, frictional properties of the smectite-rich clay
sediment could correspond to the observed downdip limit of the slow slip

events.
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Figure 3.1.

(a) Locations of Site C0019 (IODP Expedition 343) (J-FAST) and Site 436 (DSDP Leg
56) (red triangles) (after Sawai et al., 2014). The yellow star denotes the epicenter of the
mainshock, and gray circles are the aftershocks and the largest foreshock. The blue line
shows the Japan Trench. (b) A schematic illustration of Tohoku subduction zone
(modified from von Huene et al., 1982; Tsuru et al., 2000, 2002). Red line shows the
area of slow earthquakes (Kato et al., 2012; Ito et al., 2013), yellow star indicate the
hypocenter of the 2011 Tohoku-oki earthquake and black dashed-lines are the thermal

structure (from Kimura et al., 2012).
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Friction data on smectite-rich clay sediment. Friction coefficient versus displacement
curves at slip velocities of 0.3-100 um/s under an effective normal stress and pore fluid
pressure of 50 MPa. Velocity-stepping sequences were conducted four times during one

experiment and I call them as 1% run, 2" run, 3™ run and 4™ run as shown in this figure.
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The friction parameter (a-b) under an effective normal stress and pore fluid pressure of
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parameter D. at post-slip velocity of 1.0 um/s, 3.0 um/s, 10 pm/s, 30 um/s and 100
um/s, respectively. Red symbols show the results of 1% run, yellow ones are those of the
2" run, green ones shows data of the 3™ run and Blue data are from the 4 run. All data

in these plots is under on°™ = Pr= 50 MPa conditions.
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Figure 3.8

Constitutive parameters plotted against post-slip velocity. (a, d, g, j and m) parameter a
at temperature of 20°C, 50°C, 100°C, 150°C and 200°C, respectively. (b, e, h k and n)
parameter b at temperature of 20°C, 50°C, 100°C, 150°C and 200°C, respectively. (c, f, i

1 and o) parameter D. at temperature of 20°C, 50°C, 100°C,
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respectively. All data in these plots is under o = Pr= 50 MPa conditions. Note that in
all figures red symbols show the result during the 1% run, those of yellow are during the

2" run, green is during the 3" run, and red is the 4" run.
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respectively. All data in these plots is under ox* = Py =50 MPa conditions. Symbols in
all figures indicate the post-slip velocity: Red = 1.0 um/s, Yellow = 3.0 um/s, Green =
10 um/s, Purple = 30 um/s and Blue = 100 um/s.
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Table 3.1 List of experimental conditions in this study.

Final gouge
Experimental Temperature o Py Total shear
V-stepping sequence (um/s) thickness
number (°C) (MPa) (MPa) displacement (mm)
(mm)

10-0.3-1.0-3.0-10-30-100
-0.3-1.0-3.0-10-30-100
17R-03 100 50 50 34.55 1.02
-0.3-1.0-3.0-10-30-100
-0.3-1.0-3.0-10-30-100
10-0.3-1.0-3.0-10-30-100
-0.3-1.0-3.0-10-30-100
17R-04 20 50 50 34.70 1.18
-0.3-1.0-3.0-10-30-100
-0.3-1.0-3.0-10-30-100
10-0.3-1.0-3.0-10-30-100
-0.3-1.0-3.0-10-30-100
17R-05 200 50 50 34.67 1.10
-0.3-1.0-3.0-10-30-100
-0.3-1.0-3.0-10-30-100
10-0.3-1.0-3.0-10-30-100
-0.3-1.0-3.0-10-30-100
17R-06 50 50 50 34.69 0.93
-0.3-1.0-3.0-10-30-100
-0.3-1.0-3.0-10-30-100
10-0.3-1.0-3.0-10-30-100
-0.3-1.0-3.0-10-30-100
17R-07 150 50 50 34.67 1.05

-0.3-1.0-3.0-10-30-100

-0.3-1.0-3.0-10-30-100

Note that ¢, is the normal stress, Ps is pore fluid pressure and V is slip velocity.
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Chapter 4

Relationship between effective normal stress and slow slip
event: Insights from frictional behavior under high P-T
conditions

Abstract

Slow slip events have occurred at shallow depth in the Tohoku subduction zone, and the
area where it occurred overlapped with seismogenic zone. There is a possibility that
pore pressure is one of significant factor to control the fault stability. I have thus
investigated the frictional properties of blueschist, which probably distributed at the
Tohoku subduction zone, using a rotary shear apparatus under the various pressure and
temperature conditions. Friction experiments were conducted at temperatures of
22-300°C, effective normal stresses of 25-200 MPa, pore fluid pressures of 25-200 MPa
and sliding velocities of 0.1-100 pm/s. Blueschist showed an effective normal stress
dependence: even at temperature conditions where (a-b) tends to be positive, (a-b)
values are positive at high effective pressure and decrease to negative with decreasing
effective normal stress. My results suggest that increasing pore pressure is a possible

factor causing unstable slip, leading to slow slip events.

4.1 Introduction

Slow earthquakes (e.g., slow slip event, low frequency earthquakes, very low
frequency earthquakes, and non-volcanic tremor) are one of the important factors in
order to understand the various slip behavior in subduction zones. Diverse type of slow
earthquakes occurred at shallow depths in a lot of subduction zones, such as the Japan
Trench (Obara et al., 2004a, 2004b; Asano et al., 2008; Kato et al., 2012; Ito et al.,
2013), the Nankai Trough (Obara and Ito, 2005; Ito and Obara, 2006), New Zealand
(Wallace and Beavan, 2010) and Costa Rica (Brown et al., 2005). Recently, it was
revealed that episodic slow slip events and seismicity migration toward the initial

rupture point of the 2011 Tohoku-oki earthquake occurred just before the earthquake on
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a shallow portion (about less than 20 km depth) in the subduction zone (Kato et al.,
2012; Ito et al., 2013) (Figure 4.1a).

Some models have been explained slow slip events using rate and state friction
law. Kato (2003), Shibazaki and lio (2003), and Shibazaki and Shimamoto (2007)
introduced a cutoff velocity in the friction laws, where friction changes from velocity
weakening to velocity strengthening. Liu and Rice (2005) confirmed that slow slip
events occur spontaneously near the downdip end of the seismogenic zone in their 3D
model using the Dietrich-Ruina friction law. The models were considered the
depth-dependent frictional properties of fault materials. However just a few frictional
properties, e.g. on halite (Shimamoto, 1986) and on granite (Blanpied et al., 1991, 1995),
have been used because there are few frictional data on rocks distributed at the
subduction zone under in-situ PT conditions, except for that of serpentine (Takahashi et
al., 2011) and clay minerals (den Hartog et al., 2012a, 2012b).

Segall et al. (2010) conducted another approach to demonstrate slow slip events.
In their model, slow slip events is controlled by dilatant stabilization. Moreover there is
a view that pore pressure is closely related to the slow slip events and key to the
generation mechanism of them (Shelly et al., 2006). However there are a few data
which showed the effect of pore pressure (He et al., 2007).

From the P-T phase diagram, the input materials imply the Japan Trench should
be a blueschist in the area which downdip limit of the slow slip events were observed
(Figure 4.1b). Then I investigate the frictional properties of the blueschist at in-situ PT
conditions and discuss a possible generation mechanism of slow slip events in the

Tohoku subduction zone based on its properties.

4.2 Experimental methods

Friction experiments on blueschist powders were performed using the
hydrothermal ring shear apparatus at Utrecht University (described in detail by
Niemeijer et al., 2008 and den Hartog et al., 2012) (Figure 4.2). I used a
lawsonite-blueschist rock from Franciscan Belt, California. The blueschist was crushed

by hand and sieved at <125 pum in order to prepare simulated gouges for the
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experiments. XRD analysis and microstructure analysis showed the presence of
Glaucophane, Lawsonite, Titanite, Pyrite, Garnet and Chlorite (Figure 4.3). Simulated
fault gouges which thickness is between 0.6 and 1.0 mm were located between two
roughened opposing superalloy pistons. The gouge sample is kept in place by inner and
outer confining rings of stainless steel, with an inner diameter of 22 mm and an outer
diameter of 28 mm. The confining rings were coated with Molykote spray to reduce
wall friction and dried to remove volatiles at 150°C before assembly. The piston—sample
assembly is located inside an internally heated pressure vessel filled with distilled water.
Pressure vessel is positioned in an Instron 1362 loading frame and then moved upwards
using the Instron ram. At first, an effective normal stress is applied, and then a pore
fluid pressure is added. After that, a furnace was turned on in order to heat to a desired
temperature and to gain a desired pore fluid pressure. The system was subsequently left
to equilibrate and then start to be rotated by a servo-controlled motor and gearbox.
Blueschist samples were sheared at temperatures (7) of 22-300°C, effective normal
stresses (on°™) of 25-200 MPa and pore fluid pressures (Py) of 25-200 MPa. I conducted
pressure-stepping experiments at constant Temperature, with effective normal stress set
equal to the pore fluid pressure (o = P, A = (Pr/on) = 0.5).

The velocity dependence of friction coefficient (¢) is described as (a-b). It is
defined in rate and state dependent friction (RSF) model (Dieterich, 1978, 1979; Ruina,
1983) as:

Apgg
AlnV

(a—»b) =

where a is a direct effect, which is an instantaneous response with a positive
proportionality coefficient to the change in magnitude of the velocity. b represents a
decay in the friction to a new steady-state, called an evolutionary effect. Ay is the
change in steady-state friction coefficient, V' is the slip velocity (e.g. Marone, 1998). A
positive (a-b) value means that a slip accelerates friction increases, so the fault shows a

stable sliding, i.e. velocity-strengthening. On the other hand, at the negative value the
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frictional behavior shows velocity-weakening and unstable slip can occur. I performed
velocity-stepping sequences to determine this rate and state parameter (a-b) on the
blueschist and investigated how this parameter changed with temperature and effective

pressure.

4.3 Results

Each experimental conditions and mechanical data are listed in Table 4.1. Friction
coefficient (1) as a function of displacement is shown in Figure 4.4a (o."T= Py= 50
MPa) for representative experiments. The friction versus displacement curve in each
experiment was mostly similar, but in some cases the samples exhibit unstable stick-slip
behavior only at 200°C and 300°C. The velocity dependence of u is described as (a-b),
is shown in Figure 4.4b and Figure 4.5. I can see the systematic influences of
temperature (Figure 4.4b for representative condition at post-slip-velocity of 1.0 um/s)
and effective normal stress (Figure 4.5), as mentioned below.

At 22°C, the gouges show a friction coefficient of ~ 0.75 and positive (a-b) values
which decrease to become negative with increasing temperature. The
velocity-strengthening to velocity-weakening transition is between 100 °C and 200 °C.
Then at 200°C, the behavior is velocity weakening and shows negative (a-b) values with
a background friction of ~0.75. At 300°C, friction is ~0.65 and slip shows larger (a-b)
values than at 200 °C and tends to become velocity-strengthening. In addition, it is also
important to notice that there is effective normal stress dependence: (a-b) values are
positive at high effective pressure and decreases to become negative with decreasing
effective normal stress even at stable-temperature conditions such as 22 °C, 100 °C and
300 °C, although I cannot see such a clear trend at 200 °C. There is a

velocity-strengthening to velocity-weakening transition between 25 MPa and 75 MPa.

4.4 Discussion

There are many numerical models to simulate the earthquake and slow slip events
rupture nucleation and propagation (e.g. Kato, 2003: Shibazaki and lio, 2003; Liu and
Rice, 2005, 2007; Shibazaki and Shimamoto, 2007; Segall et al., 2010). In almost all
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models, a large slip-weakening distance and low effective stress are common factors.
And there is a view that a slow slip event occurs when (a-b) shows a very small
negative value. In the present study, it is revealed that there is a dependence of effective
normal stress: (a-b) value becomes negative with decreasing effective normal stress
(Figure 4.5). In order to cause the slow slip events, (a-b) value has to across the (a-b) =
0 line, and its (a-b) values of this study show this velocity-strengthening to weakening
transition at around 50-75 MPa with becoming low effective normal stress. This
frictional property support the common features that previous numerical models have
suggested: low effective stress play a key role for the generation mechanism of slow slip
events.

In soil, effective normal stress equals total pressure minus pore pressure. It means
that the area where the pore pressure is high become low effective pressure. Figure 4.4
shows the frictional properties at the Japan Trench based on this laboratory study under
high and low effective normal stress conditions, which corresponded to low and high
pore pressure. When effective normal stress is high, i.e. pore pressure is low, (a-b)
shows neutral values at around 200°C (Figure 4.6a and 4.6¢). With decreasing effective
normal stress, i.e. with increasing pore pressure, the neutral zones shift to the area where
the temperature is less than 150°C and more than 300°C (Figure 4.6b and 4.6d). Ito et al
(2013) showed that slow slip events occurred at about less than 20 km depth. According
to the thermal structures at the Japan Trench, the temperature range of downdip limit of
the slow slip events is between 100°C to 150°C. The transition in (a-b) value from
neutral to positive at higher pore pressure, occurs at the same temperature range. Hence,
the frictional properties at low effective normal stress (high pore pressure) could
correspond to the observed downdip limit of the slow slip events, although I cannot see
any observational evidence yet at deeper portion correspond to the temperature area of
300°C.

Segall et al. (2010) have explored the effect of the dilatant stabilization to the
slow slip events. As slip accelerates, dilatancy makes pore space and reduce pore
pressure, resulting in the high effective normal stress. This process has limited to the

slip and rupture in their models. My results indicate that a stable slip become to occur
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with increasing the effective normal stress, which is in agreement with their model.
Thus I confirmed the association of the effective normal stress (pore pressure) with slow
slip events in the view point of laboratory work.

From the previous studies, slow slip events were detected just before the 2011
Tohoku-oki earthquake (Kato et al., 2012; Ito et al., 2013). There is a possibility that it
was due to the changes of effective normal stress. In this study, (a-b) values are positive
at high effective pressure and decrease to negative with decreasing effective normal
stress at temperature conditions where (a-b) tends to be positive, i.e. positive (a-b)
values shift to neutral with increasing pore pressure and subsequently to negative. This
suggests that increasing pore pressure is a possible factor causing unstable slip, leading

to slow slip events before the earthquakes.

4.5 Conclusions

A series of rotary shear friction experiments was conducted on the blueschist
powder in order to understand the generation mechanisms of slow slip events within the
Tohoku subduction zone. Simulated blueschist fault gouge become to show the
velocity-weakening behavior when effective normal stress decreases. This behavior is a
critical data which supported a lot of previous numerical simulations, demonstrating the
mechanisms of slow slip events. The frictional properties at low effective normal stress
can explain the observed slow slip events at shallow portion, particularly the downdip
limit of the slow slip events. Such frictional behavior suggests that low effective normal
stress, 1.e. high pore pressure, is an important factor to the generation mechanism of

slow slip events.
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(a) A schematic illustration of Tohoku subduction zone (modified from von Huene et al.,
1982; Tsuru et al., 2000, 2002). Red line shows the area of slow earthquakes (Kato et al.,
2012; Tto et al., 2013), blue star indicate the hypocenter of the 2011 Tohoku-oki
earthquake and black dashed-lines are the thermal structure (from Kimura et al., 2012)
(after Chapter 3). (b) Metamorphic conditions in subducting oceanic crust (from Evans,
1990; Oh and Liou, 1998; Maruyama and Okamoto, 2007). Black lines indicate the
geothermal gradients of the present subduction zone in NE Japan and that in SW Japan,
respectively (Peacock and Wang, 1999). The hypocentral P-T conditions of the 2011
Tohoku-oki earthquake are plotted as a red star. BS = blueschist, EC = Eclogite, GS =
greenschist, EA = epidote amphibolite, AMP = amphibolite
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Figure 4.2

Photographs of (a) hydrothermal ring shear apparatus used in this study, and (b) the two
internal pistons (after Chapter 3). (c) Schematic cross-sections of the sample assembly.

on° is the effective normal stress (after Niemeijer et al., 2008; den Hartog et al., 2012a).
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Figure 4.3
Photomicrographs of blueschist (a) under planepolarized light and (b) under

cross-polarized light.
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Representative frictional behavior of blueschist powder. (a) Friction coefficient versus
displacement curves at slip velocities of 0.1-100 pm/s under an effective normal stress
and pore fluid pressure of 50 MPa. (b) (a-b) at post-slip-velocity of 1.0 um/s plotted
against applied Temperatures. Each symbols indicate the condition of effective normal

stress: red is 50 MPa, pink is 75 MPa, green is 100 MPa, purple is 150 MPa and blue is

200 MPa.
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Figure 4.5

(a-b) at (a) 22°C, (b) 100 °C, (c) 200 °C and (d) 300 °C plotted against applied effective
normal stress. Blue symbols are values at post-slip-velocity of 1.0 um/s, yellow
characters are those at post-slip-velocity of 10 um/s, and those of red is at

post-slip-velocity of 100 um/s.
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Figure 4.6

A schematic illustration of frictional properties under (a) high effective pressure and (b)
low effective pressure at Tohoku subduction zone. (a-b) value showed the neutral value
indicate blue. The blue color gradually changes to red as the value of (a-b) become
positive or negative values. Schematic representation of the shift caused by effective
normal stress (ox°") in (a-b) versus temperature (Red and grey line). (c) is under high
effective normal stress and (d) is under low effective normal stress. Schematic cross
section of the subduction zone in (c¢) and (d) show the Tohoku subduction zone. Blue
line in the subducted crust represents the area where slow slip events occur and black

line show the seismogenic zone.
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Table 4.1 List of experimental conditions in this study.

Experimental ~ Temperature &.°" stepping Py stepping V-stepping sequence Total shear Final gouge
Occurrence of stick-slip or oscillation
number (°C) sequence (MPa) sequence (MPa) (um/s) displacement (mm) thickness (mm)
at (SOMPa - 0.1, 1 um/s),
BS 001 200 25-50-75 25-50-75 10-0.1-1.0-10-100 30.43 0.81
(75MPa—1, 10 pm/s)

at (25 MPa - 10 pum/s), (50 MPa - 10 um/s), (75

BS 002 300 25-50-75 25-50-75 10-0.1-1.0-10-100 30.07 0.83
MPa - 10 um/s)

BS 003 100 25-50-75 25-50-75 10-0.1-1.0-10-100 30.05 0.63 -
BS 006 23 25-50-75 25-50-75 10-0.1-1.0-10-100 30.43 0.73 -
BS 010 22 100-150 100-150 10-0.1-1.0-10-100 2222 0.68 -
BS 011 200 100-150-200 100-150-200 10-0.1-1.0-10-100 29.60 0.59 at (200 MPa - 1, 10 pm/s)
BS 013 100 100-150-200 100-150-200 10-0.1-1.0-10-100 29.87 0.66 -

at (100 MPa - 10 pmy/s), (150 MPa - 10 pm/s),
BS 025 300 100-150-200 100-150-200 10-0.1-1.0-10-100 32.55 0.74

(200 MPa - 10 pm/s)

Note that 0.° is the effective normal stress, Pris pore fluid pressure and ¥ is slip velocity.
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Chapter 5

Frictional properties of blueschist facies fault rocks expected
at the hypocenter of the Tohoku-oki earthquake and
implications for nucleation of the 2011 event

Abstract

The 2011 Tohoku-oki earthquake (Mw 9.0) nucleated at 24 km depth along the plate
boundary. To understand the earthquake nucleation mechanisms, it is essential to reveal
the frictional properties of metamorphic rocks, which are expected to be present at depth
within the Tohoku subduction zone. I have thus investigated the frictional properties of
glaucophane schist (blueschist) using a rotary shear apparatus. Friction experiments
were conducted at temperatures of 22-400°C, effective normal stresses of 25-200 MPa,
pore fluid pressures of 25-200 MPa and sliding velocities of 0.1-100 um/s. Blueschist
showed a transition from velocity strengthening to velocity-weakening at around 100°C,
and its friction became velocity-strengthening again at around 300°C. There is also
effective  normal stress dependence. The  Dblueschist sample exhibited
velocity-weakening at low effective pressure and changed to strengthening with
increasing effective normal stress except those at 200°C which remain negative under
almost all pressure conditions. My results suggest that earthquakes can nucleate in
blueschists at depths within a temperature range of 100-300°C, which including the
temperature of the hypocenter area of the 2011 Tohoku-oki earthquake, or/and at low

effective pressure.

5.1 Introduction

Various and complicated slip behavior occurred during the 2011 Tohoku-Oki
earthquake (e.g. Ammon et al., 2011; Ide et al., 2011; Lay et al., 2011). The rupture was
composed of an initial phase, deep rupture, following propagation towards shallow
portion and continuing deep rupture. And an unexpected large coseismic slip occurred

on the shallow part of the megathrust fault, which the estimated displacement is more
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than 50 m toward the trench, and resulted in destructive tsunamis (Fujiwara et al., 2011;
Ito et al., 2011; Lay et al., 2011).

Frictional property of rocks composed of a subducting oceanic plate is one of
factors for controlling the diverse slip behaviors from aseismic to seismogenic slip at
the Japan Trench. Recently some studies have investigated the frictional properties on
the clay-rich sediments collected from the Japan Trench under coseismic slip rate in
order to understand the rupture processes and mechanism of large slip. From the
previous studies, it revealed that the frictional strength of the clay-rich sediments at the
Japan Trench is quite low over a wide range of slip rate (Ujiie et al., 2013; Sawai et al.,
2014) and the fracture energy during coseismic slip is extremely low (Sawai et al.,
2014). These studies provide information on the frictional property of plate boundary
fault during the earthquake and critical data to discuss the possible mechanism of the
huge slip. On the other hand, to understand a nucleation mechanism of the earthquakes,
friction experiments under in-situ conditions using realistic metamorphic rocks in the
Tohoku subduction zone are needed.

Frictional data of such a metamorphic/metapelitic rocks under high temperature
and pressure conditions to model such subduction earthquakes are quite limited, except
for that of serpentine (Moore et al., 1997; Takahashi et al., 2011) and clay minerals (den
Hartog et al.,, 2012a, 2012b, 2013). In widely accepted earthquake models of a
subduction zone (e.g. Scholz, 1998), a seismogenic zone defines as that the rate-depend
parameter becomes negative value at a temperature range of 100-300°C. However, this
model is based on the experimental results on granite which does not exist at subduction
zones (Blanpied et al., 1995). Frictional properties of gabbro (He et al., 2007) or halite
(Shimamoto, 1986) are also widely used in a number of numerical simulations, although
such materials are likely to be poorly representative of the rocks expected to be present
in subduction zone. The hypocenter of the 2011 Tohoku-Oki earthquake is located on
the subducting plate boundary at a depth of about 24 km (Figure 5.1a) and temperature
of this area is estimated about 160°C (Kimura et al., 2012). From the P-T phase diagram,
these input materials imply there should be a blueschist in the hypocenter area (Figure

5.1b). In chapter 4, I presented preliminary data on the frictional behavior of blueschist
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focused on the effective normal stress dependence. Here, I report experiments in detail
including new data, it may be necessary to establish new initiation model of subduction
earthquakes, and discuss a possible initiation mechanism of the 2011 Tohoku-oki

earthquake based on its properties.

5.2 Experimental methods
5.2.1 Starting material

The sample tested in this study is a lawsonite-blueschist rock from Franciscan
Belt, California. The blueschist was crushed by hand and sieved to a grain size below
125 pm in order to prepare simulated gouges for the experiments. XRD analysis and
microstructure analysis showed the presence of glaucophane, lawsonite, titanite, pyrite,

garnet and chlorite.

5.2.2 Friction experiments

Friction experiments were conducted using the hydrothermal ring shear machine
at Utrecht University (described in detail by Niemeijer et al., 2008 and den Hartog et al.,
2012a). 0.58 g of the simulated fault gouges were contained between two roughened
opposing superalloy pistons, which thickness prior to loading is ~1.0 mm (Figure 5.2).
Total shear displacement was approximately 30 mm and final thickness after the
experiments became about 0.6-0.8 mm. The gouge sample is kept in place by inner and
outer confining rings of stainless steel, with an inner radius of 11 mm and an outer
radius of 14 mm. The confining rings were coated with Molykote spray to reduce wall
friction before assembly. The piston—sample assembly is located inside an internally
heated pressure vessel. Pressure vessel is positioned in an Instron 1362 loading frame
and normal stress is given by the Instron loading ram. Fluid pressure is applied to the
water in the pressure vessel using a manually driven pump. A servo-controlled motor
and gearbox rotate the entire vessel and shear stress (7) during a run is measured
externally using the torque gauge couple mounted on the upper forcing block.

Blueschist samples were sheared at temperatures (7) of 22-400°C, effective

normal stresses (on°T) of 25-200 MPa and pore fluid pressures (Py) of 25-200 MPa. I
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conducted pressure-stepping experiments at constant Temperature, with effective
normal stress set equal to the pore fluid pressure (ow’" = P, A = (Py/on) = 0.5). The
apparent friction coefficient x was calculated as x = 7/0x.°™. The velocity (V) was
increased stepwise by one order of magnitude in the range 0.1-100 um/s.

I modeled data from present experiments using the rate and state dependent

friction (RSF) model (“Dieterich law”; Dieterich, 1978, 1979; Ruina, 1983):

— o +al (V)+bl (V"H) 41
W= Ho +aln{g- "\ D, (4.1)
do _ Vo s
dt = D, (4.2)

where 1o 1s a reference friction coefficient at a reference velocity Vo. @1is a state variable
and D. is a characteristic distance. a is a direct effect, which represents an instantaneous
response resulting from a stepwise change in velocity. b reflects the a decay in the
friction to a new steady-state, called an evolutionary effect. I quantify the frictional

stability using the parameter (a-b), which given by equation (4.1) and (4.2):

by = Apss 4
(a— )—m (4.3)

(e.g. Marone, 1998; Scholz, 1998). A is the change in steady-state friction coefficient
when slip velocity changes from Vo to V. Positive values of (a-b) mean that friction
increases with increasing slip velocity, i.e. velocity-strengthening, and negative ones
signify velocity-weakening. I conducted velocity-stepping sequences to determine the
constitutive parameters (a-b), a, b and D, and investigated how this parameter changed

with temperature and effective pressure.

5.3 Results
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5.3.1 Mechanical data

Table 5.1 lists each experiment and the corresponding experimental conditions.
The samples were first sheared through an initial displacement of approximately 10 mm
or 3 mm before the velocity-stepping at each P-T condition. Friction coefficient («) as a
function of displacement is shown in Figure 5.3 (on"T= Pf = 50 MPa) and figure 5.4
(ox= Py =200 MPa) for representative experiments. The average of friction at each
temperature is x4 = 0.65-0.75. The samples exhibit unstable, oscillatory (stick-slip)
behavior only at 200°C and 300°C (Figure 5.3d, e and Figure 5.4c, d). There may be a
tendency that the level of friction become to decrease at 300-400°C.

The velocity dependence of u, described as (a-b), is shown in Figure 5.6, 5.7a-c
and 4.8a-c, which illustrate the effect of temperature (Figure 5.6 and 5.7a-c) and
effective normal stress (Figure 5.8a-c). 1 can see the systematic influences of
temperature (Figure 5.6 and 5.7a-c). At 22°C, the gouges show positive (a-b) values
which decrease to become negative with increasing temperature. At 200°C, the behavior
is velocity-weakening and shows negative (a-b) values. At 300°C, slip is velocity-
weakening (negative (a-b) value) at low effective pressure but strengthening at high
effective pressure, showing larger (a-b) values than at 200 °C. (a-b) values slightly
decrease at 400°C. There is also effective normal stress dependence: (a-b) values are
negative at low effective pressure and increase to positive with increasing effective
normal stress, although the values of (a-b) at 200°C remain negative under almost all
pressure conditions.

Examples of frictional data and corresponding modeling results are shown in
Figure 5.5. Rate and state friction law gives good fits to my experimental data. Friction
parameters a, b and D, are complex, which reflected the variation of temperature and
effective normal stress. These values are plotted against temperature in Figure 5.7d-i.
The parameter a seems to decrease with decreasing (a-b) and increase with increasing
(a-b): a decrease with elevating temperature up to 200°C, increase at 300°C and
decrease again at 400°C. The values of b are roughly constant at low temperature
(<200°C), however at 300 °C and 400 °C, it becomes to be negative and to show an

opposite trend to that of (a-b). D. looks like it match the behavior of (a-b) for lower
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up-step velocities (1 mm/s and 10 mm/s), although it show little effect of temperature.
Figure 5.8d-i show the same friction parameter a, b and D. plotted against
effective normal stress. Values of b decrease systematically with increasing the effective

normal stress, while a and D, is insensitive to effective normal stress.

5.3.2 Microstructual observations

Figure 5.9 shows an experimental sample after sheared at 200°C and constant
velocity of 100 um/s. At this temperature, (a-b) is negative. There is an extremely sharp
localized boundary slip zone — or y-shear. The bulk gouge shows only a weak foliation
and a granular cataclastic microstructure. The microstructure developed after shearing at
200°C shows a grain size reduction. On the other hand, the microstructure sheared at
300°C displays a quite different structure (Figure 5.10). The sample after deformation at
1 um/s doesn’t show strong reduction of grain size, occurring only at shear localized
zone (Figure 5.10a-c). In the localized zone, lawsonite and pyrite grains are elongated
strongly (Figure 5.10b, c¢) and glaucophane composed matrix area shows finer. In the
microstructure tested at 300°C and 100 pm/s, the bulk gouge forms a foliation and
lawsonite and titanite shows S-shaped structures (Figure 5.10d, e). R-shears in the

samples sheared at 300°C are much more apparent than at lower temperature.

5.4 Discussion
5.4.1 Trends of the constitutive parameter

Comparison of the friction parameters on temperature and effective normal stress
shows some relationship to the fault stability (a-b). First, for the temperature, the
constitutive parameter a depends on temperature and parameter b also shows
temperature dependence at high temperature regime. I can suggest that negative (a-b) at
200°C strongly reflect the values of a approaching ~0, while positive values of (a-b) at
300°C is attributed to not only the parameter a but also the negative values of 5. For
effective normal stress, constitutive parameter b decreases with increasing effective
normal stress although the magnitude of a is approximately independent. It implies that

the velocity dependence of (a-b) results from negative rate dependence of b. As a
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function of both temperature and effective normal stress, the parameter D. shows
similar behavior of (a-b) at slip velocities < 0.01 um/s, whereas for slip velocity 100
um/s D. is independent. It is very difficult to interpret, but at least there may be some

relationship among temperature, effective normal stress and D..

5.4.2 Key minerals

Microstructures of blueschist samples sheared at 200°C and 300°C is quite
different. The fracturing and grain size reduction are promoted in the sample deformed
at 200°C, but grains still bigger a bit than that sheared at 200°C. There is a possibility
that I get some more ductile deformation already at 300°C, which enough to stop grain
breaking. In all textures, it is common that glaucophane has composed a matrix portion
and other minerals have displayed unique structures (e.g. elongated shapes of pyrite,
lawsonite and titanite). I considered two minerals as a key mineral, lawsonite and
titanite, because pyrite has shown similar stretched structures at both temperature
conditions. Lawsonite is a metamorphic mineral and commonly associated with
glaucophane. It is a hydrous mineral, including a H>O content of approximately 11.5
wt.%. Newton and Kennedy (1963) determined the equilibrium curve experimentally
and indicated that an invariant point involving the phase
lawsonite-zoisite-anorthite-sillimanite-quartz-vapor is at 540 MPa and 410°C. This
property may contribute to the behavior of the friction parameter (a-b) at 400°C.
Newton and Kennedy (1963) also mentioned that lawsonite is likely to be replaced by a
zeolite at pressure < 300 MPa and temperature <350°C. I cannot deny the possibility
that this feature results in the frictional behavior at 300°C, although I cannot detect any
of reactions in the microstructures. The second considerable mineral, titanite, is an
accessory mineral in igneous rocks and common in schists. In comparison to lawsonite,
it is less content of H20 (approximately 1 wt.%) and doesn’t react under the
experimental conditions. Thus lawsonite probably play a key role in the frictional

properties of blueschist.

5.4.3 Implications for nucleation of the 2011 Tohoku-oki earthquake
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Subduction megathrust faults generate earthquakes at limited depth range where
the temperature reaches between ~100-150°C and ~350°C (Hyndman et al., 1997). As
already indicated, blueschist gouge shows temperature dependence: it shows
velocity-weakening or potentially unstable at depths within a temperature range of
100-300°C. Similar frictional behavior has reported on granite (Blanpied et al., 1991;
1995; 1998), gabbro (He et al., 2007), San Andreas Fault gouge which composed of
illite-smectite-quartz gouge (Tembe et al., 2009) and illite-quartz and musucovite-quartz
gouge (Den Hartog 2012a, 2013). The temperature range of velocity-weakening of
blueschist is roughly the same temperature regime for granite (100-350°C) and gabbro
(200-300°C), but shifted towards lower temperature compared with that of San Andreas
Fault gouge (250-350°C), illite-quartz gouge (250-400°C) and musucovite-quartz gouge
(350-500°C). The temperature at the hypocenter of the 2011 Tohoku-oki earthquake is
estimated at about 160°C (Kimura et al., 2012), which is in agreement with my
experimental results: blueschist shows unstable slip at this temperature. Thus the
property of simulated blueschist fault rock may be a possible factor causing the 2011
Tohoku-oki earthquake. In addition, (a-b) also has a tendency to become negative with
decreasing effective pressure even at stable-temperature conditions. This implies that
earthquakes can nucleate in blueschist at low effective pressure (less than about 75
MPa) because of the high pore fluid pressure.

The down-dip seismogenic limit at ~350°C is widely believed to be corresponded
to the transition from brittle to ductile behavior with increasing temperature (e.g.
Hyndman and Wang, 1993; Hyndman et al., 1997; Scholz, 1998). Tohoku subduction
zone is cold and old one, and the fore-arc mantle is reached by the thrust shallower than
the 350°C temperature and probably aseismic. Some studies have explained this by
stable-sliding of serpentinite produced by the dehydration of the hydrous minerals in the
crust (e.g. Hyndman et al., 1997; Hyndman and Peacock, 2003). However blueschist
may also be able to explain this situation because it shows velocity-strengthening

around 300°C (i.e., less than 350°C).

5.5 Conclusions
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A series of rotary shear friction experiments was conducted on the blueschist
powder in order to understand the earthquake nucleation mechanisms within the Tohoku
subduction zone. The main results of my study are as follows:

1. Simulated blueschist fault gouge shows the potential for unstable slip at around
200°C. This frictional behavior depended on temperature results from the
changes in friction parameter @ and negative b at high temperature. It suggests
that earthquakes can nucleate in blueschists at depths within a temperature range
of 100-300°C, including the hypocentral temperature regime of the 2011
Tohoku-oki earthquake.

2. Simulated blueschist fault gouge shows essentially unstable slip at low effective
normal stress even at stable temperature conditions. This property corresponds
to negative rate dependence of constitutive parameter b. It suggests that low
effective pressure is a possible factor causing the earthquake or nucleation of
earthquakes ceases at high effective pressure area.

3. SEM observations of the experimental samples revealed the key minerals during
the deformations. Blueschist sample is characterized by the elongated or/and
S-shaped structures of lawsonite, titanite and pyrite at 200°C and 300°C.
Lawsonite is probably critical mineral attributed to the frictional properties of
blueschist because of its high content of water and the P-T conditions allowed to

occur some reactions.
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(a) A schematic illustration of Tohoku subduction zone (modified from von Huene et al.,
1982; Tsuru et al., 2000, 2002) and the thermal structure (from Kimura et al., 2012)
(after Chapter 3). Blue star indicate the hypocenter of the 2011 Tohoku-oki earthquake.
(b) Metamorphic conditions in subducting oceanic crust (from Evans, 1990; Oh and
Liou, 1998; Maruyama and Okamoto, 2007) (after Chapter 4). Black lines indicate the
geothermal gradients of the present subduction zone in NE Japan and that in SW Japan,
respectively (Peacock and Wang, 1999). The hypocentral P-T conditions of the 2011
Tohoku-oki earthquake are plotted as a red star. BS = blueschist, EC = Eclogite, GS =
greenschist, EA = epidote amphibolite, AMP = amphibolite, GR = Granulite
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Photographs of (a) hydrothermal ring shear apparatus used in this study, and (b) the two
internal pistons (after Chapter 3). (c) Schematic cross-sections of the sample assembly.

on° is the effective normal stress (after Niemeijer et al., 2008; den Hartog et al., 2012a).
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Representative frictional behavior of blueschist powder under a constant effective
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°C, Red =400°C
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Figure 5.7

Rate and state friction parameters plotted against temperature. (a), (d), (g) and (j) are
parameter (a-b), a, b and D, respectively, at post-slip-velocity of 1.0 um/s. (b), (e), (h)
and (k) are parameter (a-b), a, b and D, respectively, at post-slip velocity of 10 um/s.
(c), (), (1) and (1) are parameter (a-b), a, b and D, respectively, at post-slip velocity of
100 um/s. Gray line in (a-c) show the mean data values for each temperature condition.

All data in these plots is under o, = Pr conditions; Red is at 50 MPa, Pink is at 75 MPa,
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Green is at 100 MPa, Purple is at 150 MPa, and Blue is at 200 MPa. Note that ox° is

the effective normal stress, Pris pore fluid pressure.
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yellow is at 200°C, pink is at 300°C and red is 400°C.
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BS017 (200°C, 100 um/s)

Figure 5.9
SEM photomicrographs of experimental samples after sheared at 7' = 200°C, V= 100
um/s and o = Pr = 75MPa. (a) Microstructure of blueschist after experiment. (b) and

(c) are close-up of the frame portion in (a) and (b), respectively.
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Figure 5.10

Blueschist samples deformed at 7 = 300°C, 0" = Pf = 75MPa. (a-c) Sheared at V =
1 um/s. (b) and (c) are close-up of the frame portion in (a) and (b), respectively. (d,e)
Sheared at V' = 100 pum/s. The unique features described in the manuscript are

highlighted with yellow allow in (e).
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Table 5.1 List of experimental conditions in this study.

Experimental Temperature &:.°!" stepping Py stepping V-stepping sequence Total shear Final gouge
Occurrence of stick-slip or oscillation
number (°C) sequence (MPa) sequence (MPa) (pm/s) displacement (mm) thickness (mm)
at (SOMPa - 0.1, 1 um/s),
BS 001 200 25-50-75 25-50-75 10-0.1-1.0-10-100 30.43 0.81
(75MPa — 1, 10 um/s)
at (25 MPa - 10 um/s), (50 MPa - 10 um/s), (75
BS 002 300 25-50-75 25-50-75 10-0.1-1.0-10-100 30.07 0.83
MPa - 10 um/s)
BS 003 100 25-50-75 25-50-75 10-0.1-1.0-10-100 30.05 0.63 -
BS 004 400 25-50-75 25-50-75 10-0.1-1.0-10-100 30.18 0.68 -
BS 006 23 25-50-75 25-50-75 10-0.1-1.0-10-100 30.43 0.73 -
BS 010 22 100-150 100-150 10-0.1-1.0-10-100 22.22 0.68 -
BS 011 200 100-150-200 100-150-200 10-0.1-1.0-10-100 29.60 0.59 at (200 MPa -1, 10 pm/s)
BS 013 100 100-150-200 100-150-200 10-0.1-1.0-10-100 29.87 0.66 -
BS 015 400 100-150-200 100-150-200 10-0.1-1.0-10-100 30.59 0.73 -
BS 016 300 75 75 1 14.39 0.89 -
BS 017 200 75 75 100 14.75 0.64 -
BS 018 300 75 75 100 14.83 0.57 -
at (100 MPa - 10 pmy/s), (150 MPa - 10 pm/s),
BS 025 300 100-150-200 100-150-200 10-0.1-1.0-10-100 32.55 0.74

(200 MPa - 10 um/s)

Note that ¢, is the effective normal stress, Pris pore fluid pressure and ¥ is slip velocity.
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Chapter 6

Conclusions

Subduction megathrust earthquakes generate when unstable slip is nucleated in the
seismogenic zone, and sometimes result in tsunami. Moreover slow earthquakes (e.g.
slow slip events; low frequency earthquakes) occur near upper and lower limit of
seismogenic zone. Indeed, in the Japan Trench the 2011 Tohoku-oki earthquake
nucleated at 24 km depth along the plate boundary and produced huge slip on the
shallow part of the megathrust fault, resulting in destructive tsunamis. Also episodic
tremor and slow slip events occurred just before the 2011 Tohoku-oki earthquake at the
depth less than 20 km in the Tohoku subduction zone. Frictional property of rocks
composed of a subducting oceanic plate is one of factors for controlling the diverse slip
behavior from aseismic to seismogenic slip at the Japan Trench. Many previous studies
have focused on the frictional behavior of fault rocks to understand the stability of
frictional sliding. However, almost all experiments have been conducted under limited
experimental conditions (e.g. limit of temperature, pressure, and shear displacements)
and almost no experiments have been performed on compositionally realistic materials
under relevant in-situ conditions. I have believed that it is essential to reveal the
frictional properties of such a realistic rocks to understand the mechanism of diverse
seismic activities. In this thesis, I have reported the results of an experimental study
aimed at determining the frictional behavior of materials expected to present in the
Tohoku subduction zone under near in-situ P-T conditions, addressing low sliding
velocities relevant to earthquake nucleation and slow slip events and high slip velocities
associated with the rupture propagation during the earthquakes. The main conclusions

of this thesis are summarized as follows:

1) A series of rotary shear friction experiments was performed on the pelagic sediments
entering the Japan Trench in order to understand the rupture processes that caused the

large slip during the Tohoku earthquake. My results indicated that incoming pelagic
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sediments on the Pacific Plate collected from Site 436 of DSDP Leg 56 (Cores 38 and
40) show slip weakening behavior at coseismic slip velocities. However, at low
velocities, there is a significant difference in the friction coefficient between the two
cores. The steady-state friction coefficient of Core 38 has high values of
approximately 0.5 at low velocities, but decreases to <0.1 as seismic slip velocity
increases to 1.3 m/s. In contrast, the steady-state friction coefficient of Core 40 is

remarkably low (<0.2) over a wide range of velocities (0.25 mm/s to 1.31 m/s).

SEM observations of the samples revealed different deformation processes in the fault
zone. Core 40 is characterized by the preferred orientation of clay particles along
distributed shear planes, resulting in the development of a scaly fabric, similar to that
from the Tohoku plate boundary fault documented by IODP Expedition 343. In
contrast, fracturing and subsequent shear-enhanced compaction appear to be the
dominant deformation processes in Core 38. The difference in frictional properties
between the two sediments can be attributed to a difference in smectite content that

potentially controls deformation processes during fault zone shearing.

The specific fracture energy of the sediments during slip weakening at coseismic slip
velocity ranges from 0.001 to 0.121 MJ/m?. These values are lower by more than 2
orders of magnitude than those of previous experiments conducted under similar
conditions on disaggregated sediments. These results suggest that the incoming
pelagic sediments make it energetically easy for earthquake ruptures to propagate
up-dip along the plate boundary and therefore led to the large near-trench slip during
the Tohoku earthquake.

2) Rotary shear friction experiments was conducted on the blueschist powder in order to
understand the generation mechanisms of slow slip events within the Tohoku
subduction zone, especially to reveal the relationship between slow slip events and
effective pressure. Simulated blueschist fault gouge become to show the

velocity-weakening behavior when effective normal stress decreases. This behavior is

83



a critical data which supported a lot of previous numerical simulations, demonstrating
the mechanisms of slow slip events. The frictional properties at low effective normal
stress can explain the observed slow slip events at shallow portion, particularly the
downdip limit of the slow slip events. Such frictional behavior suggests that low
effective normal stress, i.e. high pore pressure, is an important factor to the

generation mechanism of slow slip events.

3) Frictional properties on the blueschist powder were investigated systematically in
order to understand the earthquake nucleation mechanisms within the Tohoku
subduction zone. Simulated blueschist fault gouge shows the potential for unstable
slip at around 200°C. This frictional behavior depended on temperature results from
the changes in friction parameter a and negative b at high temperature. It suggests
that earthquakes can nucleate in blueschists at depths within a temperature range of
100-300°C, including the hypocentral temperature regime of the 2011 Tohoku-oki
earthquake. In addition, simulated blueschist fault gouge shows essentially unstable
slip at low effective normal stress even at stable temperature conditions. This
property corresponds to negative rate dependence of constitutive parameter b. It
suggests that low effective pressure is a possible factor causing the earthquake or

nucleation of earthquakes ceases at high effective pressure area.

SEM observations of the experimental samples revealed the key minerals during the
deformations. Blueschist sample is characterized by the elongated or/and S-shaped
structures of lawsonite, titanite and pyrite at 200°C and 300°C. Lawsonite is probably
critical mineral attributed to the frictional properties of blueschist because of its high

content of water and the P-T conditions allowed to occur some reactions.

4) To understand mechanisms of the slow slip events at the Japan Trench, frictional
behavior on smectite-rich pelagic sediments retrieved from the plate-boundary thrust
during IODP Expedition 343 was investigated using a rotary shear apparatus. At low

temperatures of 20°C, the simulated gouges exhibit negative values of (a-b) at low
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velocities, while these values becomes positive as increasing velocity to 100 pm/s.
This frictional property may prevent further slip acceleration even if the slip begins,
and could thus represent the upper limit of slow slip events at the shallow portion of
the plate boundary. At temperatures of 50-100°C, the gouges show nearly neutral or
slightly negative values of (a-b). This frictional properties can yield slow slip events,
which are considered to generate under the conditions where (a-b) is small negative
values. The conditions met at temperatures of 50-100°C in present experiments, that
is consistent with temperature conditions where the slow slip events occurs along the
plate boundary. At temperature of >150°C those exhibit positive values of (a-b) under
almost all velocity conditions tested. The transition in (a-b) value from neutral to
positive occurs in the range between 100 to 150°C. The downdip temperature limit of
the slow slip events at Japan Trench seems to be at the same temperature range.
Hence, frictional properties of the smectite-rich clay sediment could correspond to the
observed downdip limit of the slow slip events.

Thus, the frictional properties on the pelagic sediments explain well the observed
distributions of slow slip events along the plate boundary fault in the Tohoku

subduction zone.

5) In almost all numerical models, a large slip-weakening distance and low effective
stress are common factors to reproduce the slow slip events. I have reported the
experimental results on smectite-rich pelagic sediments and blueschist, which exist at
the Japan Trench. By comparing and combing the present results, I can extend the
insight into the frictional properties of plate-boundary fault systematically. Summary
of the friction I investigated under low effective pressure conditions agree very well
with the observed slow slip events, reported by Ito et al. (2013), more than that under
the high effective pressure conditions (Figure 6.1). My experimental results import
that effective normal stress probably plays a key role in not only the nucleation
mechanism of the earthquake but also that of slow slip events, which support the
previous numerical models and observed events, and suggest the possibility that there

are some slow slip events at deeper portion in the Tohoku subduction zone.
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