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Abstract

The Nankai Trough subduction zone hosts various modes of fault slip from slow to megathrust
earthquakes. Slow earthquakes release energy slowly over days to years and can only be
recorded geodetically or by borehole observatories. It is not well understood how they connect
to regular earthquakes. In contrast, megathrust earthquakes are rapid events that often
generate destructive tsunamis, documented for several centuries in the Nankai Trough.
Successful earthquake mitigation strategies can only be developed with a better understanding
of fault slip behavior and deformation processes within the seismogenic zone and the overlying

accretionary prism.

The Nankai Trough Seismogenic Zone Experiment (NanTroSEIZE) is a multi-disciplinary and
multi-expedition research project designed to investigate seismogenesis and fault mechanics
in the Nankai Trough subduction zone. NanTroSEIZE employs in-situ geophysical
measurements, direct sampling and (real-time) long-term monitoring combined with laboratory
and numerical studies. Scientific results in this thesis are closely connected to those
NanTroSEIZE scientific objectives related to laboratory and borehole observatory studies.
Laboratory friction experiments are a powerful tool to investigate earthquake mechanical
processes in simulated fault zones under controlled boundary conditions. A comprehensive
set of laboratory friction experiments on Nankai Trough fault zone sediment analyzes
strengthening and weakening mechanisms both are requirements for repeating earthquakes.
Therefore, the sediment healing behavior, velocity and slip dependence of friction is tested in
shear experiments. Deep sea borehole long-term observatories can detect fluid flow and strain
perturbations by in-situ pressure and temperature measurements. The observatories are
hydraulically disconnected from the open ocean and thus pressure and temperature
perturbations represent fluid movement induced by strain changes within the accretionary

prism.

In the scope of the NanTroSEIZE project several offshore boreholes were drilled along a
transect covering the whole accretionary prism starting at the subducting plate and ending
further landwards in the Kumano Basin. In this thesis a special focus is given on sediments
from the major fault systems the megasplay fault (C0004, C0010) and frontal thrust zone
(C0007, C0006) that were tested in a direct shear configuration at effective normal stresses
ranging from ~3 — 17 MPa. The sediments were sheared as intact and powered samples in a
velocity stepping sequence from 0.01 — 30 ym/s. Both, the coefficient of sliding friction and the
velocity-dependent friction parameter a—b, a measure for how the coefficient of friction

changes with velocity are found to be independent of the applied effective normal stress. All
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samples showed mixtures of velocity weakening and velocity strengthening behavior but intact
samples, where the in-situ fabric is conserved, tested at in-situ stress conditions showed
systematically lower a — b values; at shearing velocities <1 ym/s strong velocity weakening is
observed. The velocity-weakening behavior of intact samples is explained by a larger b-value
or evolutionary effect, due to a smaller area of real contact in the intact samples. The laboratory
results suggest that former scientific studies mainly done on powered sediments tested at high
effective normal stresses overestimate a — b values of Nankai Trough fault zone material.
Thus, the Nankai Trough might be velocity weakening from seismogenic depth up to the

seafloor.

This initial set of experiments on Nankai Trough natural fault zone material showed evidence
for a systematic control of effective normal stress on slip dependence of friction. Therefore, the
second laboratory study investigates the slip dependence of powdered C0004 fault zone
sediment in constant and velocity step experiments under effective normal stresses from 2 to
18 MPa. Two different weakening mechanisms act in megasplay fault sediment: (i) velocity
weakening, and (ii) slip weakening. Slip-dependent weakening is the dominant mechanism
over millimeter-scale displacement. At low effective normal stresses, slip weakening is more
pronounced and the sediment shows a higher peak friction coefficient. The higher peak friction
suggests that more energy can be stored in the sediment before failure. Moreover, an
increasing efficiency of slip weakening at shallow depth is energetically favorable for coseismic
slip propagating updip along the megasplay fault. Thus, increasing slip weakening with
decreasing depth favors coseismic slip along the megasplay fault up to the seafloor, causing

large seafloor deformation and potentially accompanied tsunamis.

Another part of the NanTroSEIZE project was the installation of permanent borehole
observatories, this is a sensitive tool to analyze spatial and temporal long-term changes in
physical and hydrological properties in a subduction zone. In contrast to laboratory
experiments on discrete samples, borehole observatories measure formation-scale wide
properties derived from e.g. in-situ pressure and temperature. Pressure monitoring allows for
calculation of the tidal loading efficiency that describes the damping of tidally induced pore
water pressure signals into the sediment formation. The tidal loading efficiency is necessary
to determine poroelastic formation properties e.g. permeability. The megasplay fault at Site
C0010 has a formation permeability of >6.4*10"'* m? determined from a 5.3 year-long pressure
time series. Over this period, earthquakes caused mainly contraction in the accretionary prism
indicated by an increase in formation pressure and a decrease in tidal loading efficiency. These
earthquake induced perturbations follow a magnitude-distance relationship similar to

earthquake driven transients in terrestrial water wells. The observed perturbations and later
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recoveries are best explained by dynamic strains that exsolve dissolved gas from the pore

water.

Furthermore, long-term borehole pressure records act as proxies for strain accumulation and
release, where pressure increases account for sediment contraction and pressure decreases
for sediment dilatancy. In combination with seafloor pressure gauges and ocean bottom
seismometers, this allows a more precise detection of earthquake hypocenters than would be
possible with conventional land-based stations. For example, land-based networks classified
the Mie-ken Nanto-oki Mw 6 earthquake as an intraslab earthquake, whereas inversion results
of close by acquired offshore data classified it as a plate boundary earthquake. Strains derived
from two borehole formation pressure records were essential to narrow down possible fault
plane solutions. Additionally, long-term pressure monitoring revealed repetitive shallow slow
slip events (SSEs) in the Nankai Trough. The SSE recurrence interval is 4 — 15 months and
can be explained by 1 — 4 cm of fault slip on the plate boundary thrust. This frequent release
of accumulated strain accounts for 30 — 55 % of the plate motion. The SSEs are accompanied

by swarms of low frequency tremor.

To bridge the gap between in-situ monitoring and small scale laboratory experiments the SSE
stress drops were compared to laboratory derived stress drops from extrapolated healing
experiments in a rotary shear system. SSE stress drop estimates from laboratory healing
experiments on megasplay fault and frontal thrust zone sediment show higher stress drops for
megasplay fault sediment because of a higher healing rate. Stress drops for both sediments
are one to two orders of magnitude larger than the derived stress drops from seismic moments
for the documented SSEs. The reasons for this large discrepancy between in-situ strength

recovery and laboratory healing rates need further investigation.

My multi-disciplinary thesis reveals that the fault zone sediment is dominantly velocity and slip
weakening and thus coseismic slip induced by a megathrust earthquakes is likely to propagate
updip to the seafloor along the megasplay fault or the plate boundary thrust. Therefore, the
risk for destructive tsunamis is much larger than previously thought. Additionally, borehole
observatories improved the monitoring in time and space of different modes of fault slip in the
shallow accretionary prism. The results focus on the shallow depth, for the continuation of
earthquakes to the seafloor with associated tsunamigenic potential. In order to be able to
extrapolate these results to seismogenic depths, samples from and observatories at
seismogenic depths are necessary. This should be the focus of upcoming ocean drilling

expeditions.



Zusammenfassung

In der Nankai Trough Subduktionszone entstehen verschiedene Arten von Erdbeben darunter
langsame wie auch schnelle “megathrust‘-Erdbeben. Langsame Erdbeben entladen ihre
Energie Uber einen Zeitraum von Tagen bis zu Jahren und emittieren keine seismischen
Wellen. Aus diesem Grund koénnen sie nur mit geodatischen GPS-Messungen oder
Bohrlochobservatorien beobachtet werden. Im Gegensatz zu langsamen Erdbeben entladt
sich die angestaute Energie in “megathrust‘-Erdbeben in relativ kurzer Zeit. Aufgrund dieser
Erdbeben entstehen haufig zerstoérerische Tsunamis, welche Uber mehrere Jahrhunderte
entlang des Nankai Trough dokumentiert sind. Die Zusammenhange zwischen langsamen und
“regularen“ Erdbeben sind bisher nur unzureichend verstanden oder nachvollziehbar.
Erfolgreiche Risikominimierungsstrategien fur Erdbeben erfordern ein besseres und
umfassenderes Verstandnis des zu Grunde liegenden physikalischen Entstehungs- und
Ausbreitungsprozesses in Tiefen in denen Erdbeben entstehen aber auch in flachen Tiefen

nahe dem Meeresboden.

Das Nankai Trough Seismogenic Zone Experiment (NanTroSEIZE) ist ein multidisziplinares,
mehrjahriges und expeditionsubergreifendes Forschungsprojekt zur Untersuchung der
Seismogenese und der Erbebenmechanik im Nankai Trough. Im NanTroSEIZE Projekt
kommen geophysikalische Messungen, Bohrungen und Langzeit- Bohrlochmessungen in
Kombination mit Labor- und Numerischen- Studien zur Anwendung. Die wissenschaftlichen
Studien, die im Rahmen meiner Dissertation durchgefihrt wurden, verfolgen u.a. die
ausgerufenen wissenschaftlichen Ziele fur Labor- und Langzeit- Bohrlochstudien des
NanTroSEIZE Projekts. Erbebenmechanische Sedimenteigenschaften lassen sich besonders
gut mit Reibungsexperimenten im Labor unter kontrollierten Bedingungen analysieren. Eine
umfassende Reihe von Reibungsexperimenten analysiert das Schwachungs- und
Heilungsverhalten von Nankai Trough Stérungszonensediment. Beide Mechanismen sind eine
Grundvoraussetzung fur sich wiederholende Erdbeben. Die Spannungsentladung erzeugt das
Erdbeben, wohingegen das Wiedererstarken (Heilen) des Sediments erst die wiederholte
Spannungsentladung ermdglicht. Im Gegensatz zu Laborexperimenten kdnnen
Langzeitobservatorien in-situ Druck und Temperatur messen um u.a. Fluidbewegungen oder
Sedimentdeformationen zu beobachten. Die Bohrlochobservatorien sind hydraulisch vom
Ozean isoliert, sodass Druck- und Temperaturschwankungen auf Fluidbewegungen im
Untergrund zurlckzufihren sind, die vermutlich durch Spannungsanderungen im

Akkretionskeil entstehen.



Zusammenfassung

Im Rahmen des NanTroSEIZE Projekts wurden zahlreiche offshore Bohrlécher entlang eines
Transsekts (Kumano Transsekt) gebohrt, der sich Uber den gesamten Akkretionskeil
beginnend bei den Inputsedimenten bis zum Kumano Becken erstreckt. In meiner Dissertation
werden ausschlieRlich Sedimente aus den Hauptstérungszonen “megasplay fault” (C0004,
C0010) und der “frontal thrust zone“ (C0006, C0007) getestet. In Rahmenschergeraten bei
effektiven normal Spannungen von ~3 — 17 MPa wurden die Sedimente als intakte und
pulverisierte Proben bei unterschiedlichen Schergeschwindigkeiten von 0,01 bis 30 ym/s
geschert. Der dynamische Reibungskoeffizient als auch der geschwindigkeitsabhangige
Reibungsparameter a — b, ein Mal} daflir, wie sich der Reibungskoeffizient mit der
Geschwindigkeit &ndert, sind unabhangig von der effektiven Normalspannung. Materialien die
bei zunehmender Geschwindigkeit steigende Reibungskoeffizienten verzeichnen, bezeichnet
man als velocity-strengthening (a — b > 0) das Gegenteil von velocity-weakening (a — b < 0).
Alle untersuchten Proben verhalten sich velocity-weakening aber auch velocity-strengthening.
Intakte Proben bei denen das Sedimentgefliige im Urzustand ist und die unter in-situ
Spannungen getestet wurden, weisen systematisch niedrigere a — b Werte auf; insbesondere
bei Schergeschwindigkeiten <1 um/s ist starkes velocity-weakening zu beobachten. Die
niedrigeren a — b Werte kommen zu Stande, da die b Werte bei intakten Proben gréRer sind.
GrolRere b Werte entstehen aufgrund der kleineren realen Kontaktfliche der Scherzone
verglichen zur pulverisierten Proben. Die Laborergebnisse deuten darauf hin, dass frihere
wissenschaftliche Studien, die Uberwiegend an pulverisierten Sedimenten und haufig unter
sehr hohen effektiven Normalspannungen durchgefiihrt wurden, die a —b Werte der
Stérungszonensedimente Uberschatzen. Es ist moglich, dass die Nankai Trough
Stérungszonensedimente von der seismogenen Zone bis zum Meeresboden durch velocity-

weakening Verhalten charakterisiert sind.

Die zuvor beschriebene experimentelle Studie an Stdérungszonensediment des Nankai
Troughs wies Indizien auf, dass die effektive Normalspannung das wegabhangige
Schwachungsverhalten kontrolliert. Dieses Phanomen  wurde in weiteren
Reibungsexperimenten an  pulverisieten C0004 Proben in konstanten und
Geschwindigkeitsstufenexperimenten unter effektiven Normalspannungen von 2 bis 18 MPa
untersucht. Das untersuchte “megasplay faut* Sediment ist durch zwei verschiedene
Schwachungsmechanismen charakterisiert: (i) velocity-weakening und (ii) slip-weakening. Slip
weakening beschreibt die Abnahme des Reibungskoeffizienten mit zunehmendem Scherweg.
Slip weakening ist der dominierende Mechanismus in C0004 Proben tber mehrere Millimeter
Scherweg. Bei geringen effektiven Normalspannungen ist slip weakening starker ausgepragt
und das Sediment zeigt zusatzlich einen héheren Spitzenreibungskoeffizienten. Die héhere

Spitzenreibung lasst darauf schlieen, dass vor dem Versagen des Sedimentes mehr Energie

\"
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gespeichert werden kann. Slip weakening wird effizienter bei geringeren Auflasten und somit
geringeren Tiefen, was sich energetisch guinstig auf die Erdbebenausbreitung entlang der
“‘megasplay fault® auswirkt. Dieses Verhalten beglnstigt Erdbebenausbreitungen von
seismogener Tiefe bis hinauf zum Meeresboden, was moglicherweise zur Tsunamientstehung

fuhren kann.

Im Rahmen des NanTroSEIZE Projektes wurden permanente Bohrlochobservatorien entlang
des Kumano Transsekts installiert. Bohrlochobservatorien sind hoch empfindliche Messgerate
zur raumlichen und zeitlichen Analyse von physikalischen und hydrologischen
Sedimenteigenschaften. Durch Druck- und Temperaturmessungen kénnen
Formationseigenschaften erfasst werden, wohingegen Laborexperimente die selbigen
Eigenschaften nur an kleinen Probenmengen bestimmen kdnnen, was haufig zu einem
Skalierungsproblem fiihrt. Druckzeitreihen aus isolierten Bohrldchern ermdglichen die
Bestimmung des Formationsdampfungsfaktors fur das tidal erzeugte Porendrucksignal im
Sediment. Der Dampfungsfaktor ermdglicht es poroelastische Eigenschaften wie z.B. die
Permeabilitat ndherungsweise zu bestimmen. Fur die “megasplay fault” im Bohrloch C0010
konnte eine Permeabilitit von >6.4*10"*m? bestimmt werden. Eine 5,3 Jahre lange
Druckzeitreihe ermoglicht es, die Veranderung des Drucksignals und damit auch des
Dampfungsfaktors wahrend verschiedener Erdbeben zu erfassen. Wahrend der Messperiode
erzeugten Erdbeben (berwiegend Kontraktionen im Akkretionskeil, welche sich in
Druckanstiegen wiederspiegelte. Diese erdbebenverursachten Druckschwankungen folgen
einer Magnituden-Distanz Gesetzmafigkeit, die vergleichbar mit Beobachtungen an Land ist.
Die Druckanstiege und der darauffolgende langerfristige Druckabfall lassen sich am besten
durch Erbeben verursachte dynamische Spannungen erklaren, welche im Porenwasser

geloste Gase entmischen und die sich danach wieder tber langere Zeit im Wasser l6sen.

Spannungen im Sediment lassen sich aus Bohrlochdruckzeitreihen ableiten, wobei
Sedimente, die gestaucht werden, Porendruckanstiege und Sedimente, die sich dehnen,
Porendruckabfalle erzeugen. Im Zusammenspiel mit Meeresbodendruckzeitreihen und
Ozeanbodenseismometern lassen sich Erdbebenherde wesentlich praziser lokalisieren als mit
konventionellen Landseismometernetzwerken. Das Hypozentrum des Magnitude 6 Mie-ken
Nanto Erdbebens offshore der Kii Halbinsel wurde von Landseismometernetzwerken als
Erdbeben innerhalb der subduzierten Platte klassifiziert, wohingegen die zur Verfigung
stehenden Offshoredaten das Erdbeben als Stérungszonen- Erdbeben klassifiziert haben. Zur
Bestimmung der Herdflachenlésung waren die Bohrlochdaten von entscheidender Bedeutung
im Inversionsverfahren. Darlber hinaus konnten mit den Bohrlochdruckzeitreihen sich
wiederholende flache, langsame Verschiebungsereignisse (slow slip event - SSE) beobachtet

werden. Diese SSEs wiederholen sich alle 4 — 15 Monate und erzeugen 1 — 4 cm Versatz an
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der Hauptuberschiebung zwischen den beiden Erdplatten. Diese regelmaliigen
Entlastungsereignisse setzten ca. 30 — 55 % der Spannung, die durch die Plattenbewegung

erzeugt wird, frei. Die SSEs werden haufig von niederfrequentem Tremor begleitet.

Um mogliche Diskrepanzen zwischen in-situ Beobachtungen und Laborexperimenten zu
untersuchen, wurden die Spannungsabfalle wahrend des SSEs mit Spannungsabfallen,
abgeleitet von extrapolierten Heilungsexperimenten, verglichen. Diese Heilungsexperimente
wurden in einem Ringschergerat an “megasplay fault und “frontal thrust zone* Sedimenten
durchgeflihrt. Scherflachen in “megasplay fault* Sediment verheilen schneller als in “frontal
thrust zone* Sediment und folglich sind groRere Spannungsabfalle in “megasplay fault“ zu
erwarten. Beide im Labor getesteten Sedimente weisen 1 bis 2 GréRenordnungen hdhere
Spannungsabfalle auf, als die Spannungsabfalle abgeleitet vom seismischen Moment der
dokumentierten SSEs. Weitere Forschung ist nétig, um diese groRe Diskrepanz zwischen

Labor und in-situ Spannungsabfall zu erklaren.

Meine multidisziplinare Dissertation hat gezeigt, dass Nankai Trough
Stérungszonensedimente mit steigender Geschwindigkeit und zunehmender Verschiebung
niedrigere Reibungskoeffizienten aufweisen. Dieses sedimentmechanische Verhalten
begunstigt die Entstehung und Ausbreitung von Erbeben entlang einer Stérungszone wie der
“megasplay fault* und der “plate boundary thrust ". Bei Erdbeben, die sich bis in den flachen
Akkretionskeil ausbreiten, kommt es zur Verformung des Meeresbodens, was die Entstehung
von Tsunamis wahrscheinlich macht. Der Einsatz von offshore Bohrlochobservatorien in
Subduktionszonen ermdglicht eine verbesserte raumliche und zeitliche Beobachtung von
Plattenverschiebungen jeglicher Art (langsam bis schnell) im flachen Akkretionskeil. Meine
Ergebnisse basieren auf Experimenten und Zeitreihen die flache Tiefen simulieren oder in
flachen Tiefen gemessen wurden, um die Stérungszonenverschiebung bei starken Erdbeben
und die mdgliche Tsunamibildung zu evaluieren. Um diese Ergebnisse in die Tiefe projizieren
zu koénnen, bendtigen wir Gesteinsproben und Daten aus Bohrlochobservatorien in der
seismogenen Zone. In zukunftigen Ozeanbohrungsexpeditionen sollten diese Ziele hohe

Prioritat genielRen.

vii
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1 Introduction

1.1 State of the art

Convergent margins host the most destructive natural hazard on our planet earth. The collision
of two tectonic plates causes great earthquakes, volcanic activity, tsunamis and landslides.
Convergent margins concentrate around the Pacific Ocean (the Pacific ring of fire) and Indian
Ocean but can be also found in the Mediterranean and along the Lesser Antilles. Along the
55,000 km of convergent margin the 22 out of 23 most energetic earthquake on earth occurred
(Stern, 2002). Convergent margins hosted the 11 out of 12 most explosive volcanic eruptions
and the 19 deadliest tsunamis (Stern et al., 2016). Convergent plate margins are the
seismically most active regions on earth and nucleate 90 % of the world earthquakes in terms
of numbers and seismic moment (Byrne et al., 1988; Pacheco and Sykes, 1992). Coastal
populations and economies are especially vulnerable to natural hazards, because many
megacities center along convergent margins. Natural hazards associated with convergent
plate margins are likely to have even more devastating effects in the near future because

coastal populations are growing especially around Asia.

One type of convergent plate margin is the ensialic island arc type, where the thinner and
denser oceanic lithosphere is subducted beneath continental lithosphere. An island arc forms
on top of continental lithosphere but is separated from the continent by a marine basin
consisting of oceanic lithosphere (e.g. Japan, Kuril, Aleutian). The plate margin can be
structured in distinct morphological domains (from trench to the upper plate) i) deep sea trench,
ii) forearc region comprising the outer ridge and forearc basin, iii) the volcanic arc and iv) the
back arc basin (Frisch et al., 2011). A forearc prism may form when a thick sediment column
on top of the incoming oceanic basement is subducted. The sediments are either subducted
to great depths or are scraped off at the frontal tip and form an extensive accretionary prism
at the upper plate (e.g. Nankai Trough). In contrast to accretion, other convergent margins are
characterized by subduction erosion, where the upper plate is eroded by the subducting plate

(e.g. Japan Trench).

The term convergent plate margin and subduction zone are often used interchangeably, but
they describe different aspects. A subduction zone is the three dimensional manifestation of
the recycling of sediments, oceanic crust and mantle lithosphere in the earth mantle, whereas
the convergent plate margin describes the surficial manifestation (Stern, 2002). Subduction

zones are defined by the occurrence of earthquakes down to 700 km depth on an inclined
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plane towards the lower mantle (Stern, 2002). In the seismogenic zone strong plate interface
coupling of the overriding and the underthrust plate cause thrust faulting that generates the
most destructive earthquakes on earth. These earthquakes can nucleate typically at depths of
30 — 40 km, or shallower, and in some cases can rupture the entire downdip extent of the
seismogenic zone; the size of the earthquake typically depends on the dimension of the rupture
area (along-strike and along-dip) (Stern, 2002). The depth range of the seismogenic zone is
thought to span from 5 — 10 km (updip end) to 40 — 50 km (downdip end), where the shallow
part of the subduction zone (updip of the seismogenic zone) is often described as aseismic
(Dixon and Moore, 2007). Shallow subduction zone megathrust earthquakes threaten coastal
economies by physical ground shaking and by earthquake-triggered tsunamis. Recent
devastating examples are the 26" December 2004 Sumatra and the 11" March 2011 Tohoku

earthquake.

1.2 From slow to fast earthquakes

Traditionally earthquakes were described as sudden energy release, as two pieces of the
Earth’s crust slip past each other in a matter of seconds. The abrupt crustal motion radiates
seismic energy, which are recorded by seismometers. | will refer to these earthquakes as
regular earthquakes or simply as “earthquakes”. In contrast, slow earthquakes occur slowly,
over days to years, and emit energy too slowly to be recorded seismically. The first slow
earthquakes were discovered ~40 years ago (Sacks et al., 1978), but the availability in the last
two decades of densely spaced and sensitive geodetic and seismic monitoring networks have
greatly enhanced the understanding of slow earthquake processes (Beroza and Ide, 2011;
Schwartz and Rokosky, 2007).

1.2.1 Earthquakes

Earthquakes are the result of sudden slip on faults, which radiate energy and induce ground
shaking. They release stored elastic strain energy resulting from long-term relative tectonic
plate motion. Most of the energy is stored near or along plate boundaries as shear stress
between adjacent tectonic plates (Kramer, 1996). When the shear stress at a point in the rock
mass exceeds the shear strength, the rock fails and the stored elastic energy is released by
fault slip. Generally, fault slip occurs along pre-existing fault planes, which are planes of
weakness in the rock mass. The failure process releases energy in three different ways 1)
radiated energy as seismic waves, 2) mechanically energy consumed by fracture growth and

3) thermal energy by frictional heating (Kanamori and Brodsky, 2004). Shallow marine
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earthquake fault slip that displaces the seafloor often trigger tsunamis that can affect the shore

line even hundreds of kilometers away.

The main driver for earthquakes is the movement of rigid tectonic plates, which can move
relative to each other at mm to multi-cm/a rates. Most of the deformation occurs along the plate
boundaries either aseismically (slowly and continuously) or seismically (fast and aperiodic).
Plate boundaries host the majority of earthquakes. In the long-term, relative plate motion and
resulting interseismic stress build up are in equilibrium with coseismic stress release over
geological time scales, resulting in periodic instability (Figure 1 A). Considering an average
stress accumulation rate and average coseismic stress drop a recurrence interval of
100 — 1000 years for major earthquakes along plate boundaries is derived, which is in good
agreement with documented earthquake recurrence intervals (Kanamori and Brodsky, 2004).
Nevertheless, stress accumulation rates could change over time and the shear strength of fault
rocks might not be uniform over time. Transient changes in shear strength could be affected
by fluid migration, mineral solution, alteration or pore fluid pressure build-up. Earthquake
recurrence and stress drop characteristics may also change because the stress field is affected
by nearby or far field earthquakes. Consequently, the simple sketch shown in Figure 1 A
becomes much more complicated and interseismic periods between repeating earthquakes

are less predictable (Figure 1 B).

A

strength

stress

interseismic period

stress

time

Figure 1: Temporal variations of stress drop, loading rate and shear strength of a fault during multiple
earthquake cycles. (A) constant process (B) variable process (modified from Kanamori and Brodsky,
2001).

Figure 1 B illustrates different interseismic periods and stress drops for repeating earthquakes.
The stress drop is a measure of the energy release, thus earthquakes of different sizes are

produced over geological time scales on a fault. Earthquake size is often expressed by an
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earthquake magnitude. One common scientifically used earthquake magnitude scale is the
moment magnitude scale, which is based on the seismic moment of an event. The seismic
moment is the product of average fault slip, fault area and rigidity. It is a measure of the work
done by the earthquake and thus correlates well with the released elastic energy (Kramer,
1996).

For a long time earthquakes were thought to be a brittle fracture phenomena forming new
cracks in a rock mass, but the observations of earthquake slip along pre-existing faults
changed the understanding of earthquake mechanics towards a frictional phenomena (Scholz,
1998). Laboratory evidence for frictional stick slip behavior was presented by Brace and
Byerlee (1966), where stick represents the interseismic period and slip the coseismic period.

Frictional sliding velocities of regular earthquakes are in the order of 1 m/s.

Different scientific disciplines (e.g. seismology, paleoseismology, rock mechanics, among
others) investigate the nature of earthquakes. Seismology derives information about the
rupture process and earthquake location by studying the propagation of emitted elastic waves
from an earthquake. In contrast, paleoseismology derives information about ancient
earthquakes from field studies of rocks and sediments that have been deformed in the
earthquake cycle. In contrast, rock mechanics investigates the mechanics of earthquake
rupture and coseismic slip in analog laboratory experiments with rock and sediment samples
tested under changing stress, temperature and sliding velocity conditions. These studies are
able to simulate the full spectrum of fault slip behaviors from aseismic plate motion to fast

earthquake rupture (Marone, 2019).

1.2.2 Slow earthquakes

Recently, expanding geophysical and geodetic networks along subduction zones including
seismometers, strain meters, and GPS measurements revealed a transitional sliding mode
between stable sliding and fast rupture along megathrust faults summarized as slow
earthquakes (Obara and Kato, 2016; Schwartz and Rokosky, 2007). Slow earthquakes
designate a group of earthquakes such as low frequency earthquakes (LFE), very low
frequency earthquakes (VLF), tremor and geodetically detected short term and long term slow
slip events (SSE) that all have longer durations than regular earthquakes. These different kinds
of slow earthquakes arise from frictional fault slip similar to regular earthquakes on preexisting
faults (often the megathrust fault), either down dip of the fully locked seismogenic zone or
updip of the seismogenic zone beneath the accretionary prism at shallow depth (Ide et al.,
2007; Marone, 2019). The different slip (LFE, VLFE, Tremor and SSE) phenomena occur often

at the same location and time in a subduction zone (Araki et al., 2017; Ito et al., 2007; Rogers
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and Dragert, 2003). The seismic moment of slow earthquakes is thought to scale with the event
duration that differs from the scaling relationship of regular earthquakes (Ide et al., 2007).
Megathrust earthquakes have interseismic periods of decades to centuries whereas slow
earthquakes often show astonishing regularity and recurrence intervals of month to years
(Beroza and Ide, 2011; Obara and Kato, 2016).

LFE and VLFE can be detected with seismometers whereas geodetic measurements or
borehole tilt/strain meters can only detect SSE, because intermediate sliding rates of SSEs
between long-term plate motion and rupture velocities of regular earthquakes do not radiate
seismic waves (Saffer and Wallace, 2015). LFE and VLFE differ in terms of the radiated
frequency spectrum and duration from regular earthquakes. Slow earthquakes mark a
transition in terms of fault zone stability from steady aseismic creeping fault zone segments to

fault zone segments failing in stick slip behavior (Obara and Kato, 2016).

Rock friction, low fault rigidity, fault heterogeneity and/or low effective normal stress due to
elevated pore water pressure might be responsible for the transitional state of slow
earthquakes (Saffer and Wallace, 2015). Slow earthquakes show stress drops 2 — 3 orders of
magnitude smaller than regular earthquakes (Beroza and Ide, 2011; Gao et al., 2012; Saffer

and Wallace, 2015), which would be consistent with low effective stresses on the fault.

Faults systems hosting a significant amount of slow earthquakes may reduce their seismic
hazard, because the faults slip budget is partially covered by non-destructive slow
earthquakes. On the other hand slow earthquakes might be responsible for stress transfer
along the megathrust and could stress critically fully locked patches until failure (Obara and
Kato, 2016). Changing recurrence intervals of slow earthquakes before large earthquakes
have been observed in numerical models of slow slip cycles and thus could be potentially
interpreted as precursory signals for larger earthquakes (Obara and Kato, 2016). Slow

earthquakes play a significant role in the earthquake cycle along subduction megathrusts.
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1.3 The Nankai Trough subduction zone

The archipelago of Japan is located at the northeastern margin of the Pacific Ocean and
consists of the islands Kyushu, Shikoku, Honshu and Hokkaido (from southwest to northeast).
It is close to the triple junction between the continental Eurasian Plate and the oceanic Pacific
and Philippine Sea Plates (Figure 2). The islands of Japan are the result of the subduction of
the Pacific and the Philippine Sea Plate beneath the Eurasian Plate, which forms an extensive
island arc. In the south-east of Japan, between the Kyushu-Palau Ridge to the west and the

Izu-Bonin Arc to the east, is located the Nankai Trough subduction zone.
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Figure 2: Regional geological stetting of the Nankai Trough subduction zone (adapted from Taylor
(1992)). Dashed lines indicate western and eastern boundaries of the Shikoku Basin. AT = Ashizuri,
MT = Muroto and KT = Kumano drilling transect.

Currently, the Shikoku Basin provides the sedimentary input for the formation of an
accretionary complex off the Kii peninsula (Underwood, 2018). The Shikoku Basin formed as
a result of the Izu-Bonin back-arc rifting and seafloor spreading about 30 Ma ago (Chamot-
Rooke et al., 1987; Okino et al., 1999). Seafloor spreading ceased 15 Ma ago but sporadic
eruptions along the Kinan seamount chain, located on top of the extinct spreading axis,
continued up to 7 Ma ago (Ishii et al., 2000). Plate tectonic reconstructions suggest the Pacific
Plate was actively subducting along the proto Nankai Trough before 15 Ma (Hall, 2012; Wu et
al., 2016). Sinistral slip along a transcurrent fault system in southeastern Japan shifted the
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triple junction to the northeast (Kimura et al., 2014). This northeastward movement created the
collision of the 1zu-Bonin Arc with the Honshu Island Arc at 8 — 6 Ma. At about 6 Ma, a variation
in the subduction direction of the Philippine Sea Plate re-initiated nearly trench-normal
subduction, with the Philippine Sea Plate being now subducted at the proto Nankai Trough
(Underwood, 2018; Wu et al., 2016). Consequently, over the last 30 Ma, the origin of the
subducted sediments along the Nankai Trough changed from Pacific Plate to Philippine Sea
Plate (Shikoku Basin sediment). The complex tectonic history created significant along strike
variations in lithostratigraphy and diachronous facies boundaries throughout the Shikoku Basin
(Pickering et al., 2013; Underwood, 2018). The total sediment thickness also increases from
south to north (Higuchi et al., 2007), where a large amount of sediment along the trench axis

is originating from the I1zu-Honshu collision zone (lke et al., 2008).

Various Expeditions of the Deep Sea Dirilling Program (DSDP), the Ocean drilling Program
(ODP), the Integrated Ocean Drilling Program (IODP) and the International Ocean drilling
Program (IODP) targeted the 700 km long Nankai Trough subduction zone and its incoming
sediment sequence. Three drilling transects: Ashizuri, Muroto and Kumano were drilled over
the last 30 years (Figure 2). The Kumano transect, the most recent one, was drilled during a

multistage project called Nankai Trough Seismogenic Zone Experiment (NanTroSEIZE).

At present time, the subduction direction along the Nankai Trough is slightly oblique to the
trench and plate convergence varies along strike between ~4 — 6.5 cm/a (Miyazaki and Heki,
2001; Yokota et al., 2016) with an azimuth of 300 — 315° (Seno et al., 1993; Zang et al., 2002).
The deformation front is situated between 80 — 160 km offshore southeast Japan. Devastating
tsunamigenic earthquakes have been documented in the Nankai Trough dating back 1300
years, with recurrence intervals of 90 — 150 years (Ando, 1975a; Hirose and Maeda, 2013;
Rikitake, 1999). The last two megathrust earthquakes: i) the 1944 Tonankai (Mw 8.1), and ii)

the 1946 Nankaido (Mw. 8.3) occurred in the vicinity of the Kumano drilling transect.

The Nankai Trough subduction zone can be divided in six major morphotectonic domains
(Figure 3); landward from the trench: protothurst zone, frontal thrust zone, imbricate thrust
zone, megasplay fault zone, Kumano Basin edge and Kumano forearc basin (Kopf et al., 2017;
Moore et al., 2009). The incoming sediment column is 2.4 km thick at the deformation front
and consists of 1.1 km Shikoku Basin sediment overlaid by ~1.3 km trench wedge sediment
(Moore et al., 2009). A well-developed protothurst zone formed in the trench wedge sediment
due to incipient (frontal-) thrust formation. The trench wedge sediment and half of the
underlying sedimentary section is actively accreted at the deformation front (Moore et al.,
2015). The ~100 km wide accretionary prism can be subdivided into an inner and outer part,

that is separated by a major out-of-sequence thrust fault, often named megasplay fault. The
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outer accretionary prism is formed of accreted trench turbidites and Shikoku Basin hemipelagic
sediment (Moore et al., 2009); in contrast, the inner accretionary prism consists mainly of
mudstone, which has been connected to a triple junction paleoenvironment (Underwood,
2018). Overlying the inner prism is the Kumano forearc basin, with a sediment thickness of up
to 3 km. The basin fill is tilted landward, most likely because of fault slip on the megasplay fault
(Park et al., 2002), which began at 1.95 Ma and created the accommodation space for the
basin fill close the outer ridge (Underwood and Moore, 2012). The Quaternary sediments
constituting the basin fill originate from the Kii Peninsula and from east Honshu (Moore et al.,
2015). The Kumano Basin is characterized by different venting systems such as seeps and
mud volcanoes, that dewater subducted sediments at depth. A total of 13 mud volcanoes exist
in the Kumano Basin (Menapace et al., 2017) whereas most of the seep sites are located on

the frontal part of the accretionary prism (Toki et al., 2014).
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Figure 3: Interpreted seismic cross section of the Kumano drilling transect (modified from Moore et al.
(2009)). Morphotectonic domains of the Nankai Trough subduction zone are indicated as well as all
NanTroSEIZE drilling Sites. VE = vertical exaggeration, sed. = sediments.
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1.4 NanTroSEIZE

In 2004, the Sumatra-Andaman earthquake and the thereafter resulting destructive Indian
Ocean tsunami is one of many examples of how vulnerable coastal societies are to subduction
zone earthquakes and related phenomena such as tsunamis and/or landslides (Lay et al.,
2005; Vigny et al., 2005). Subduction zone megathrust earthquakes are one of the greatest
natural hazards on our planet. To develop successful mitigation strategies a better
understanding of earthquake mechanics and the dynamic of faulting processes is critical. Up
to now, earthquake nucleation and slip propagation are not fully understood and a unifying
theory, explaining these phenomena in the context of rock deformation rates, from seconds to
years, is still missing. Accordingly, the existence of earthquake precursory signals, and
therefore the chance to predict earthquakes, is still under debate. In-situ long term monitoring
and sampling along the subduction zone conveyor belt from sedimentary inputs to sediments
at seismogenic depth could provide valuable information on ambient conditions and

mechanical properties of active submarine fault systems (Tobin and Kinoshita, 2006a).

In 2006, the Nankai Trough subduction zone was chosen as primary target for attempting to
drill for the first time into a plate boundary thrust at seismogenic depth (Figure 2). The wealth
of available geological and geophysical data as well as the regular occurrence of large
megathrust earthquakes has favored the Nankai Trough as unique study area for earthquake
mechanics at seismogenic depth (Tobin and Kinoshita, 2006b). Tsunamigenic earthquakes
are documented by historical records of more than 1300 years (Ando, 1975b). Studies on the
two recent megathrust earthquakes (Tonankai Mw 8.1 and Nankaido Mw 8.3) that occurred in
1944 and 1946, mapped the up-dip end of coseismic slip at depths accessible by drilling
(Kikuchi et al., 2003; Tanioka and Satake, 2001). Based on the available 2D and 3D seismic
reflection data specific drilling targets were defined, which are located in the operational limits
of the riser-drilling vessel D/V Chikyu (riser drilling: maximum 2500 mbsl and 7000 mbsf).
Furthermore, the development of the Dense Oceanfloor Network System for Earthquakes and
Tsunamis (DONET) by the Japan Agency for Marine-Earth Science and Technology
(JAMSTEC) made it possible to connect planned borehole observatories to a real-time ocean

network (Kawaguchi et al., 2015).

Drilling into the seismogenic zone was advocated by an international group of proponents who
submitted a complex IODP Drilling Proposal. The proposed “Kumano” drilling transect is
located seaward of the Kii Peninsula, Honshu, Japan. The funded Nankai Trough Seismogenic
Zone Experiment (NanTroSEIZE) is a multi-expedition, multi-stage and multi-disciplinary
scientific project aiming to investigate dynamics and mechanics of deformational processes

that integrate geodesy, seismology, rock mechanics, fluid fault interaction and tribology. The
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NanTroSEIZE scientific operations include drilling, sampling and long-term monitoring
of input sediments, of major fault systems that splay from the plate boundary thrust up
to the seafloor and of the plate boundary thrust at seismogenic depth. The following
scientific objectives and hypothesis were formulated over the duration of the project (e.g. Tobin
and Kinoshita, 2007; Tobin and Kinoshita, 2006a; Tobin and Kinoshita, 2006b):

a. Characterization of physical properties, state of stress and composition of accretionary

prism sediment from aseismic to seismogenic depth
b. Investigation of strain partitioning between plate boundary thrust and megasplay fault
c. Investigation of the strength of the plate boundary fault
d. Analysis of the evolution of fault rock properties and composition in time and space
e. Investigation of the tsunamigenic potential of the megasplay fault

f. Investigation of basement relief, fluid content and composition on plate boundary thrust

formation

g. Long-term monitoring of fluid pressure, thermal signals, geochemical tracers, tilt, micro-

seismicity and volumetric strain a different depth levels over the seismic cycle
h. Deciphering potential precursory signals before earthquakes
i. Measurement of strain rate accumulation and release
j- Localization of (slow) earthquakes at shallow depth

Objectives (a —f) involve sampling of discrete core samples that are tested under controlled
boundary conditions in laboratory experiments, whereas the objectives (g — j) can be achieved
with long-term data recorded with distributed observatories from the deformation front onwards
towards seismogenic depth. The ultimate goal of NanTroSEIZE was to sample the
seismogenic zone at 5500 — 6000 mbsf and set-up a long-term borehole monitoring system at
the up-dip limit of the seismogenic zone (Tobin and Kinoshita, 2007; Tobin and Kinoshita,
2006b). Unfortunately, this could not be achieved within the 12 years of the NanTroSEIZE

project.

The NanTroSEIZE project was organized in three operational stages (e.g. Tobin and Kinoshita,
2006b). During Stage 1 the frontal thrust system, mid-wedge mega-splay fault and the Kumano
Basin sediment were drilled (Figure 3). The physical properties, composition, and state were
analyzed. During Stage 2 the subduction zone inputs were drilled and the ultra-deep riser hole
in the Kumano basin was deepened. In addition, the first temporary borehole observatories

were installed. During Stage 3 the ultra-deep riser hole was deepened and three Long Term
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Borehole monitoring systems (LTBMS) were set up. After 12 years and 13 IODP expeditions
with the Japanese scientific drilling vessel D/V Chikyu the NanTroSEIZE project was
completed in spring 2019 with IODP expedition 358 (Table 1). Nevertheless, the research
based on the scientific and engineering achievements of the 13 expeditions will probably go

on for the next few decades.

Table 1: All NanTroSEIZE expeditions in chronological order.

Exp.# Stage Name Year
314 NanTroSEIZE Stage 1 LWD Transect 2007
315 NanTroSEIZE Stage 1 Megasplay Riser Pilot 2007
316 NanTroSEIZE Stage 1 Shallow Megasplay and Frontal Thrusts 22%%78-
319 NanTroSEIZE Stage 2 Riser/Riserless Observatory 2009
322 NanTroSEIZE Stage 2 Subduction Inputs 2009
326 NanTroSEIZE Stage 3 Plate Boundary Deep Riser: Top Hole Engineering 2010
332 NanTroSEIZE Stage 2 Riserless Observatory 2010
333 NanTroSEIZE Stage 2 Subduction Inputs 2 and Heat Flow 22%11(1'
338 NanTroSEIZE Stage 3 NanTroSEIZE Plate Boundary Deep Riser 2 22%1123'
348 NanTroSEIZE Stage 3 NanTroSEIZE Plate Boundary Deep Riser 3 22%1&_
365 NanTroSEIZE Stage 3 Shallow Megasplay Long-Term Borehole Monitoring System 2016
380 NanTroSEIZE Stage 3 Frontal Thrust Long-Term Borehole Monitoring System (LTBMS) 2018
358 NanTroSEIZE Stage 3 NanTroSEIZE Plate Boundary Deep Riser 4 2018-

2019
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1.5 Motivation and research hypotheses

Analyzing the deformation processes in time and space along subduction zones from close to
the deformation front towards seismogenic depth is necessary to understand the entire
spectrum of fault slip behavior from slow to regular earthquakes. The technological
achievements of the NanTroSEIZE project in terms of offshore fault zone sampling as well as

real-time in-situ monitoring expedited earthquake mechanics research.

My Ph.D. thesis is strongly related to the NanTroSEIZE project and the accompanied scientific
goals. As an observatory specialist | sailed on IODP expeditions, 365 and 380 (Table 1) to
recover a temporary borehole observatory and to set up advanced permanent LTBMS.
Operations on |IODP expedition 365 were extremely time efficient, which offered the
opportunity for additional coring of the megasplay fault at Site C0010. The unexpected coring
operations on board D/V Chikyu put me in charge of the physical properties measurements,
which in the end turned out to shift the scope of my Ph.D. project from an originally planned
time series analysis work to an interdisciplinary work on time series analysis and laboratory

friction experiments.

Initially the Ph.D. project was planned to focus predominantly on the two cruises | sailed, and
thus on long-term LTBMS data analysis in sealed boreholes with a special focus on pressure,
temperature, tilt and volumetric strain. Pressure, tilt and volumetric strain are parameters to
monitor strain accumulation and strain release in subduction zone settings. Contraction and
dilation can be monitored in space and time with distributed LTBMS along the Kumano
Transect. This information are valuable inputs to dislocation models to narrow down potential
focal mechanisms and to determine earthquake hypocenters (e.g. Wallace et al., 2016a). Pore
pressure directly affects fault stability and strength. Fault zone overpressure reduces the
effective normal stress leading to mechanically weak and predominantly aseismic faults
(Kitajima and Saffer, 2012). Pressure and temperature measurements in fault settings act as
proxies for fluid flow. Faults acting as conduits could drain ambient overpressured sediments
resulting in increasing effective normal stress and consolidation (e.g. Hammerschmidt et al.,
2013b). In addition, tidal signals in pore pressure records are a valuable tool to analyze on a
formation scale elastic and hydrological properties within the accretionary prism (e.g. Davis et
al., 2009). In general, formation scale properties can be only inferred from short term borehole
packer tests or slug tests (e.g. Fisher and Zwart, 1997; Screaton et al., 1997). The long-term
LTBMS systems provide the opportunity to investigate long term and short-term changes
associated with fault zone processes e.g. aseismic creep, earthquake rupture, seismic wave

passing or coseismic slip on different time scales.
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Initially the following research questions were defined for my Ph.D. project, all closely related

to observatory studies:

1) Do offshore LTBMS greatly advance the detection of earthquake phenomena in the

Nankai Trough accretionary prism?

2) Is slow earthquake detection possible only with pore pressure data (proxy for
volumetric strain) and without geodetic GPS stations along the Nankai Trough

subduction zone?
3) Do Nankai Trough elastic formation properties change in time and space?

As a consequence of the unexpected availability of core material from Site C0010 and excited
by the lessons learned during the sampling party of IODP expedition 365 | chose to change
the focus of my thesis from time series analysis to scientific questions related to earthquake
mechanics and frictional behavior of Nankai Trough fault zone sediment. For more than 50
years, scientists analyzed the frictional behavior of various rock and sediment types under
changing pressure, temperature and sliding velocity conditions. These kind of laboratory
friction experiments could reproduce repetitive stick slip events (e.g. Brace and Byerlee, 1966).
Moreover, friction experiments characterize the potential for instability of the tested samples
(e.g. lkari and Saffer, 2011). Recent advances in frictional physics could reproduce laboratory
scale slow earthquakes and were able to predict laboratory stick slip behavior (e.g. lkari, 2019;
Rouet-Leduc et al., 2017). One of the major NanTroSEIZE goals was to analyze the potential
of the megasplay fault for tsunamigenesis and to characterize the evolution of physical
properties along the major fault zones. Frictional properties are of major importance to
constrain the occurrence of regular and slow earthquakes and therefore to characterize the
different deformation processes acting in the Nankai Trough. This analyzes can be done with
direct and rotary shear apparatuses in the rock mechanical laboratory at MARUM — Center for

Marine Environmental Sciences, University of Bremen.

The availability of new core data from IODP expedition 365 expanded the research questions
of my Ph.D. thesis, because all of a sudden “ground-truthing” of some long-term data

represented a vital and crucial goal:

4) How does sample state and simulated depth influence the stability of shallow fault zone

sediment in the Nankai Trough accretionary prism?

5) How does frictional behavior along the shallow megasplay fault influence the potential

for tsunamigenesis?
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6) Is in-situ fault zone re-strengthening between repetitive SSEs comparable with

laboratory derived re-strengthening on discrete fault zone samples?

In summary, the initially planned NanTroSEIZE time series analysis Ph.D. thesis changed to a
combined thesis based on discrete core samples and long-term pore pressure records from

the drilled boreholes along the Kumano drilling transect.
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1.6 Organization of this thesis

This doctoral thesis was written at the MARUM — Center for Marine Environmental Sciences,
University of Bremen (MARUM) in the working group of Marine Geotechnics run by Prof. A.J.
Kopf in close collaboration with the junior working group Experimental Geomechanics run by
Dr. M.J. Ikari in the research field “Seafloor Dynamics”. For more than a decade scientist from
both working groups have been participating in IODP expeditions related to the NanTroSEIZE
project. Most of the data shown in the manuscripts, e.g. core samples or pressure time series,
were acquired in the scope of the NanTroSEIZE project. The manuscripts presented in the
following aim to enhance the understanding of deformation mechanism and earthquake

mechanics in subduction zones with a special focus on the Nankai Trough.

This chapter outlines the thesis structure and briefly summarizes the highlights of each
manuscript that was written during my three years of Ph.D. funding. In total six scientific
manuscripts are presented in this Ph.D. thesis. The first three are first author manuscript
focusing on laboratory friction experiments done in the rock mechanics lab at the MARUM.
One of them is submitted to the scientific peer-reviewed journal Earth and Planetary Science
Letters, whereas the other two are still under preparation. The second manuscript will be
submitted to the peer-reviewed journal Geophysical Research Letters and the third one to
Tectonophysics. The other manuscripts, where | contributed as co-author, are based on long-
term LTBMS data and are already published in peer-reviewed journals. In addition, the
appendices summarize all my contributions to national and international conferences and
scientific cruises related to the Nankai Trough and in particular to the NanTroSEIZE project.
All published manuscripts are reprinted as full text. My contributions to each manuscript are

described in detail at the end of each sub-chapter.

Chapter 1 provides an overview of earthquake processes along convergent plate margins with
a special focus on the Nankai Trough subduction zone offshore south west Japan. It also
introduces the multi expedition NanTroSEIZE project and the research objectives of this Ph.D.

thesis.

Chapter 2 encompasses three manuscripts that present the experimental studies of my Ph.D.
thesis and summarizes the results of frictional experiments carried out on Nankai Trough

samples.

The first manuscripts presents a study of the difference between powdered and intact fault
zone samples on the frictional stability tested under simulated shallow depth conditions at four
different IODP sites along the Kumano drilling transect. The article is submitted to journal Earth

and Planetary Science Letters.
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The second manuscript is a study of the contribution of slip weakening behavior to the
tsunamigenic potential of the shallow megasplay fault at IODP Site C0004. The manuscript is

ready for submission to the journal Earth, Planets and Space.

The third manuscript bridges the gap between laboratory friction experiments and in-situ long-
term monitoring by LTBMS. Frictional re-strengthening rates measured in a rotary shear
configuration are compared to in-situ healing rates between repetitive SSEs. Laboratory work

and data analysis are completed, but the discussion and conclusion is still in progress.

Chapter 3 encompasses three more manuscripts presenting long-term borehole monitoring

studies and a brief summary on the history of borehole observatories in ocean drilling.

The fourth manuscript presents offshore seismic network and borehole observatory data that
helped to narrow down the possible range of fault plane solutions for an Mw 6.0 offshore
subduction zone earthquake. The article is published in the journal Journal of Geophysical
Research: Solid Earth.

The fifth manuscript presents recurring and triggered slow slip events accompanied with low
frequency tremor identified in borehole observatories in order to give in-sighs on the slip
behavior and conditions of slow earthquakes along tectonic faults. The article is published in

the journal Science.

The sixth manuscript presents a 5.3 year time series of formation pore fluid pressure which is
used to characterize the elastic properties of the formation and its changes due to earthquakes.

The article is published in the journal Journal of Geophysical Research: Solid Earth.

Chapter 4 summarizes the main conclusions of the manuscripts presented earlier and it

presents an outlook on subduction zone research.
Appendix A lists the abstracts of conference contributions.

Appendix B lists the abstracts of scientific cruises/expeditions | have contributed to.



2 Friction studies

2.1 Introduction

Since the 1960s, the mechanics of earthquakes and faulting have been studied in laboratory
experiments under controlled boundary conditions. Stick-slip motion observed on preexisting
artificial faults in rocks were interpreted by Brace and Byerlee (1966) as the laboratory
equivalent of earthquakes. The stick period represents the interseismic period whereas the
slip with the accompanying stress drop represents the earthquake (event) in the seismic cycle.
Laboratory stick slip behavior on preexisting faults provides an explanation for the relatively
small stress drops observed in shallow megathrust earthquakes, compared to large stress
drops from rock fracturing. Nevertheless, laboratory stress drops are an order of magnitude
larger than stress drops for real earthquakes (Byerlee and Brace, 1968; Dieterich, 1972).
Considering movement along a preexisting fault makes the stick-slip motion a frictional rather
than a fracture phenomenon. Frictional behavior of rocks or materials in general (e.g. wood,
metal, glass) is controlled by many factors including rock composition, confining pressure,
temperature, machine stiffness, surface roughness, cumulative slip and strain rate. Early
studies by Byerlee and Brace (1968) investigated strain rate and machine stiffness effects,
whereas Brace and Byerlee (1970) focused on the temperature dependence on frictional
characteristics and in particular on stick slip. At that time, many of the previously mentioned
factors influencing friction were well known from frictional studies conducted on metals in
material sciences. Dieterich (1972) was inspired by the work done on metals by Rabinowicz
(1951) who has investigated the evolution of measured peak friction upon re-shearing after the
shear surfaces were held stationary. The time dependence of friction in different rock types
with a thin layer of fault gouge (product of frictional wear) between the sliding surfaces was
analyzed by Dieterich (1972). The coefficient of static friction (peak friction after a hold period)
increases with the logarithm of time and thus is highly time dependent (Figure 4 A). The time
dependence can be explained in the context of the adhesion theory of friction introduced by
Bowden and Tabor (1964). In the concept of adhesion theory, the two surfaces in contact have
a distinct topography and thus are in contact only at a few points called asperities, resulting in
a much smaller real contact area. These contact asperities yield plastically until the normal
stress can be supported causing adhesion due to welding of the contact points. The sum of

the shear strength of welded contacts defines the frictional behavior.
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Time-dependence is explained either by the contact area growth of individual asperities or the
increase of the number of asperities with time and applied normal stress caused by indentation
creep processes (Dieterich and Kilgore, 1994). This same concept was postulated to cause
the observed velocity dependence of friction (Dieterich, 1978; Scholz and Engelder, 1976)
(Figure 4 B). The observed change in friction after velocity changes occurs over a
characteristic distance which is assumed to represent the distance to eliminate the population
of asperity contacts characteristic for the old velocity (Dieterich, 1978). Consequently, the
lifetime of asperity contacts is inversely proportional to the sliding velocity because higher
velocities reduce the time for creep induced asperity contact area growth. In summary, two
competing processes are responsible for sliding friction. On the one hand, aging sliding
surfaces increase the resistance to slip whereas on the other hand slip destroys the old
contacts and replaces them with new (weaker) contacts (Dieterich, 1979, 1978). The
experimental observations of frictional velocity and time dependence between bare rock sliding
surfaces and within fault gouge resulted in the development of a set of constitutive equations
describing frictional behavior (later termed rate and state dependent friction or RSF laws)
(Dieterich, 1981, 1979; Ruina, 1983).
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Figure 4: Laboratory friction data showing time and velocity dependence of friction. A) Friction coefficient
versus load point displacemnt showing 100 and 10 s hold times. Static friction at 100 s is larger than at
10 s indicating strengthening with time. B) Ten-fold velocity increase shows direct and evolutionary
effect in friction coefficient. Quartz gouge weakens with increasing loadpoint velocity (modified after
Marone (1998a)).

2.1.1 Rate and state friction laws

The rate and state dependent friction laws are a powerful tool to investigate earthquake
mechanics, because a wide range of laboratory friction data is well described by RSF. The
RSF laws are able to reproduce all modes of fault slip e.g. stable sliding, preseismic slip,
earthquake nucleation, dynamic rupture, postseismic slip and slow earthquakes (Dieterich,
1992, 1986; Dieterich and Kilgore, 1996b; Liu and Rice, 2009; Marone et al., 1990; Rice, 1980;
Shibazaki and lio, 2003; Tse and Rice, 1986). Despite the very good fitting of laboratory data
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by RSF modelling, the largest drawback is its empirical nature. Moreover, RSF modelling of
small scale laboratory experimental results can not be extrapolated easily to natural
seismogenic faults because of scaling problems (Marone, 1998a). The first unifying
constitutive law that explains velocity dependence of sliding friction and time dependence of
static friction was formulated by Dieterich (1979), shown in its modern form (Dieterich, 1979;
Marone, 1998a; Ruina, 1983):
14 V, 6
u:uo+aln(v—0)+bln(ﬁ) )

where a and b are empirical dimensionless constants, 6 is a state variable having units of time,
V, is the initial sliding velocity and V is the new fault slip velocity. Dc is the critical slip distance
that represents the slip necessary to renew all asperity contacts after a change in velocity. The
state variable 0 represents the state of the contacts, often interpreted as the surface memory
of previous slip (Ruina, 1983). The evolution of state expresses how the memory will be
overwritten corresponding to velocity. u, is the steady state friction coefficient at the initial
sliding velocity. The second term in Equation (1) describes the immediate change in friction
often expressed as direct effect following a velocity change whereas the third term describes
the evolutionary effect (Figure 4 B). The variables V and 6 are described by first-order
differential equations (Scholz, 2018). The evolution of the state variable 6 can be described by
various formulations. | will introduce the most widely used laws the Dieterich (aging) and the

Ruina (slip) law.
Dieterich state evolution law

dao B Ve
dt Dc

Ruina state evolution law
deo v 6 (V 9)

dt ~  Dc "\Dc (3)

The difference between the two laws arises when considering the evolution of state and thus
friction at stationary contact (V=0). State increases without movement under truly stationary
contact in the Dieterich law whereas the Ruina law requires slip for a change in state. When
modelling velocity step experiments the Dieterich law results in an asymmetry for up and down
steps in velocity, because the necessary slip for steady state scales with velocity (Marone,
1998a). In contrast, Ruina’s law models velocity up and down step symmetrically because
steady state is independent of time (Marone, 1998a). Nevertheless, the two evolutionary laws
are similar when the time derivative of the state variable does not change, defining steady state

sliding conditions. At steady state sliding, the two laws reduce to the same equation:
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_ Aiss
AlnV

where, |, is the friction coefficient at steady state sliding. When a > b (positive a — b) steady

(4)

a—b>b

state friction increases with sliding velocity termed velocity strengthening, while the opposite
a<b (negative a—b) is termed velocity weakening. Materials that exhibit velocity
strengthening behavior do not allow the nucleation of sliding instabilities, whereas velocity

weakening behavior is a prerequisite for unstable slip that may result in earthquake nucleation.

Modelling of experimental data is only possible when the RSF equations are coupled with a
differential equation accounting for the stiffness of the shearing apparatus. The time it takes to
transmit a change in machine velocity from the initial velocity to the new sliding velocity to the
sample takes time and depends on the shear apparatus stiffness (Gu et al., 1984; Marone,
1998a). This can be described by a single degree of freedom elastic coupling:

% =k(Vip —V) (%)

where Vy, is the velocity at the load point and k the spring constant.

Modelling of frictional changes induced by velocity perturbations is only possible when
Equations (1), (5) and (2) or (3) are solved with an inverse modelling technique at the same
time (Reinen and Weeks, 1993). | used for RSF modelling the program Xlook, which is based
on the former text based program Look. It was developed by the student Lokman Alwi at the
Massachusetts Institute of Technology in 1995 (Alwi, 1995).
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2.1.2 Frictional properties of the Nankai Trough sediments

For many years, the Nankai Trough subduction zone with its three ocean drilling transects has
been a high priority site to study fault zone frictional properties on discrete rock and sediment
samples. Various scientific studies investigated the frictional strength and stability of fault zone,
wall rock and input sediments from different sites to better understand fault zone deformation
processes. The following sub-chapter summarizes briefly scientific results based on Nankai
Trough frictional studies conducted over the last two decades. First, results based on core
samples from the southern Nankai Trough, especially the Muroto drilling transect, are
presented followed by results based on the more recently drilled Kumano drilling transect. The
Kumano drilling transect results are presented in spatial order starting with results based on

the input sediments towards ancient exhumed fault zones on land.

One long lasting hypothesis for the updip limit of seismogenesis is the transformation from
smectite to illite at temperatures between 100 — 150 °C. This was tested by Saffer et al.
(2012b), who tested intact sediment wafers of the accretionary prism toe Site 1174 from the
Muroto drilling transect (Figure 2). Samples with decreasing smectite content from 80 to 20 %
were analyzed, spanning a depth window from 700 — 1100 mbsf. The water saturated samples
were tested under effective normal stresses of 20 — 150 MPa over a range of sliding velocities
from 0.005 to 5 ym/s. Coefficient of sliding friction varies between 0.28 — 0.40. The samples
exhibit only velocity-strengthening behavior, unable to host instability suggesting that illitization
does not trigger unstable frictional behavior (Saffer et al., 2012b). This interpretation is
supported by experimental results on natural Shikoku Basin input samples, mineral standards
and mineral mixtures tested in direct and ring shear configurations under effective normal
stresses between 1 and 40 MPa (Brown et al., 2003; Kopf and Brown, 2003). Brown et al.
(2003) do not observe a velocity weakening response in smectite, illite and chlorite clay.
Additionally, the input sediments that form probably the future plate boundary fault offshore the
Shikoku peninsula show minor abundance of smectite, unlikely to be responsible for the onset

of seismogenesis (Brown et al., 2003).

The entire sedimentary sequence entering the subduction zone in the future was sampled at
the Kumano transect input reference Sites C0011 and C0012 (Figure 3). Analyses of the
mechanical properties of the major lithological units provide insights into plate boundary fault
formation and fault zone properties that control megathrust earthquake nucleation, coseismic
slip propagation and the architecture of the accretionary prism. Shear strength analysis of
incoming sediment combined with critical taper analysis revealed that the plate boundary fault

coincides with the major frontal thrust fault in the nowadays accretionary prism (lkari et al.,
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2013a). Ongoing subduction causes the plate boundary fault progressively step downwards

because of decreasing friction coefficient with increasing depth (Ikari et al., 2013a).

Multiple studies investigate the velocity dependence and frictional strength of the megasplay
fault and frontal thrust zone region of the Kumano transect (lkari et al., 2009; Ikari and Kopf,
2017; Ikari and Saffer, 2011; Stipp et al., 2013; Tsutsumi et al., 2011; Ujiie and Tsutsumi, 2010)
(Figure 3). These experiments were performed under a variety of simulated overburden
stresses ranging from 0.6 — 25 MPa and shearing velocities ranging from plate rate motion to
coseismic slip. Ikari and Saffer (2011) analyzes fault zone sediment frictional properties of the
megasplay fault, plate boundary fault (Muroto transect) and the frontal thrust region to better
understand the modes of expected fault slip at shallow depth. Fault zone and wall rock samples
tested under 25 MPa effective normal stress and shear rates of 0.03 — 100 pm/s exhibit low
coefficients of sliding friction, with the weakest samples from the plate boundary fault. All tested
samples exhibit primarily velocity-strengthening behavior, which makes unstable slip unlikely.
Nevertheless, a pronounced minimum in velocity dependence is observed in all samples at
shear rates comparable to SSE sliding velocities (lkari et al., 2009; lkari and Saffer, 2011).
Additional, shear experiments performed at plate rate shear velocities reveal the potential for
unstable slip and SSE nucleation in weak clay rich megasplay fault sediment, which has been
not observed at higher shearing velocities (lkari and Kopf, 2017). In contrast to the low velocity
experiments done by lkari et al, Japanese scientists performed rotary shear experiments at
high and intermediate slip velocities at low effective normal stresses up to 5 MPa on megasplay
fault samples (Tsutsumi et al., 2011; Ujiie and Tsutsumi, 2010). These experiments revealed
a mix of velocity weakening and strengthening for intermediate slip velocities but dramatic
weakening at high velocities (Tsutsumi et al., 2011). Thus, coseismic slip may propagate
through the clay rich fault gouge of the megasplay fault up to the seafloor (Ujiie and Tsutsumi,
2010).

The previously described studies on fault zone sediments tested exclusively hemipelagic (clay
rich) sediment which are together with terrigenous turbidites the main lithologies of
accretionary prisms (Underwood, 2007). The Nankai Trough accretionary prism minor
lithological units are sandstone, siltstone and tuff that were tested together with the dominant
clayey and silty mudstones at in-situ conditions in a triaxial apparatus (Takahashi et al., 2014;
Takahashi et al., 2013). These inner accretionary prism lithologies were sampled at the deep
riser Site C0002 underlying the Kumano basin sediment (Figure 3). Results show that with
decreasing clay content, the frictional strength increases and the slip dependent frictional
behavior changes from slip weakening to slip hardening (Takahashi et al., 2014). All samples
reveal velocity strengthening behavior in velocity step tests (Takahashi et al., 2014). A detailed

analysis of the clayey and silty mudstone samples revealed an eight times longer failure



2 Friction studies
2.1 Introduction

process in the clayey mudstone samples and a lower shear strength than the silty mdustone
(Takahashi et al., 2013). Therefore, it was suggested that the weak clayey mudstone samples
preferential host faulting and show a tendency for slow slip failure mechanisms (Takahashi et
al., 2014; Takahashi et al., 2013).

Another hypothesis suggests that lithification processes at depth (e.g. diagenesis and low-
grade metamorphism affect the mechanical behavior of subduction zone wall rock and fault
zone sediment. These processes might be responsible for the onset of megathrust earthquake
nucleation at a depth of 5 — 10 km. Friction experiments on fossil subduction zone sediments
from the Shimanto Belt complex onshore Japan are representative for samples at seismogenic
depth in the nowadays active Nankai subduction zone (Tritner et al., 2015). Direct shear
experiments simulating seismogenic temperature and depth conditions reveal velocity
weakening behavior in intact sediment samples whereas powdered versions show velocity
strengthening behavior. The potential for unstable slip is removed by destroying the sample
lithification (Tratner et al., 2015).

In summary, Nankai Trough fault zone and wall rock sediments show mainly velocity-
strengthening behavior, with exceptions at very low and very high shearing velocities. Frictional
experiments on analog seismogenic fault zone rock showed that lithification processes and
probably sample fabric influences the stability of fault rocks. The majority of scientific studies
tested powered samples at effective normal stresses much higher than in-situ. Consequently,
the above discussed results can only be regarded as rough estimates of the in-situ strength

and stability of fault zone sediments.

In the manuscripts shown in the following chapters, direct and rotary shear friction experiments
are presented that test intact and powered fault zone material including new core samples from
Site C0010 and samples representing lithologies already tested in earlier studies. The
experiments were performed at sliding velocities from 0.01 — 30 um/s under effective normal

stresses of 2 — 18 MPa.
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Abstract

The Nankai Trough hosts diverse fault slip modes, ranging from slow slip events to megathrust
earthquake ruptures. We performed laboratory friction experiments on samples collected by
the Integrated Ocean Drilling Program offshore Kii Peninsula, Japan. This study systematically
investigates the effect of effective normal stress on frictional strength and the velocity-
dependence friction for natural fault zone and wall rock samples collected from depths of
270 to ~450 meters below seafloor (mbsf), and over a range of sliding velocities spanning from
0.01 — 30 um/s. We tested both powdered and intact specimens at estimated in-situ effective
stresses, as well as at higher stresses representing deeper portions of the megasplay fault
(Sites C0004, C0010) and the frontal thrust zone (Sites C0007, C0006). The coefficient of
sliding friction u, varies between 0.22 — 0.53 and correlates inversely with clay content. Direct
measurements of cohesive strength show that on average 11 % of the shear strength, and up
to ~30 % for some specimens, can be attributed to sliding cohesion. Friction coefficient and
the velocity-dependent friction parameter a — b do not show a dependence on effective normal
stress. The lowest pu values are observed for samples from Sites C0007 and C0010. All
samples show a combination of velocity-strengthening and velocity-weakening behavior, but
intact samples tested under in-situ effective normal stress and low shearing velocities
(<~1 pm/s) exhibit consistently large velocity-weakening behavior. The observed velocity-
weakening behavior is related to the induration state of the material, which affects the real area
of contact along shear surfaces. This is supported by direct measurements of cohesive
strength, showing that higher cohesion values in intact samples correspond with a more
pronounced evolutionary effect in velocity step tests that, in turn, map to lower a — b values.
We propose that fault zones in the Nankai subduction zone are likely to be velocity-weakening,
