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ABSTRACT

Subduction zones host the largest earthquakes and ~90% of the global seismic energy is released
there. It has been recognized that large tectonic earthquakes occur by sudden slip along the pre-
existing plate interface (décollement) and thus are a frictional phenomenon. Pore fluid pressure
plays a crucial role in the earthquake generation and propagation of seismic slip, because it not
only governs the frictional strength of faults but also exerts an important control on the mode of
slip. Therefore, predicting pore pressure is critical to understand the fault slip behavior in
subduction zones and provides key information for the assessment of geological hazard potential.
In this Ph.D. dissertation, pore pressure in the Nankai Trough, North Sumatra and Northern
Hikurangi subduction zones is investigated and linked to the occurrence of tsunamigenic
earthquakes and slow slip events.

In the Nankai Trough subduction zone, robust pore pressure estimates are provided for both the
accreting and subducting sediments based on consolidation experiments and numerical models.
Continuous excess pore pressure with nearly constant ratios of pore pressure to lithostatic stress is
revealed in the accreted and underthrust sediments, implying the Nankai décollement is not a fluid
barrier as previously suggested. Pore pressures 84%-93% of the lithostatic stress along the
décollement are inferred by experimental data, which might originate from repeated lithostatic
pore pressure transients in the last 3 kyrs. The high excess pore pressure leads to the shear strength
of Nankai subduction thrust at the toe of accretionary prism as low as 0.4-0.8 MPa, which may
facilitate the likelithood of seismic slip propagation to the trench and thus a catastrophic tsunami
offshore SW Japan, when a large earthquake happens.

In addition, the robust pore pressure estimates in the Nankai Trough are employed to evaluate a
porosity-based pore pressure prediction approach. The approach advances a recently proposed
critical state soil mechanics method by taking the consolidation state of sediments into account.
Compared with the normally consolidated sediment, the overconsolidated sediment in the Nankai
Trough generates 40%~50% less excess pore pressure, suggesting that overconsolidation inhibits
the development of excess pore pressure. Using the pore pressure prediction approach for
overconsolidated sediments, the mechanical properties of the Nankai décollement are quantified.
The shear strength along the décollement is below 2.2 MPa, obviously larger than the shear stress
(<0.4 MPa). This implies that the accretionary prism is not at Coulomb failure, which is in good
agreement with the dynamic Coulomb wedge theory.

In the North Sumatra subduction zone, estimates of pore pressure are provided for IODP Sites
U1480 and U1481, ~225 km seaward of the trench. Experimental results reveal moderate excess
pore pressure in a horizon which is considered as a proto-décollement. The pore pressure evolution
is simulated through a one-dimensional sedimentation-flow model which accounts for the



sedimentation rate and silicate dehydration. The modeling results show that the excess pore
pressure increases continuously and reaches a high level corresponding to a pore pressure up to
96% of lithostatic stress, as the sediment approaches the trench. Therefore, high excess pore
pressure is inferred along the plate interface and is invoked to explain the landward-vergent frontal
thrusts. The high excess pore pressure in the near-trench faults may facilitate the propagation of
coseismic slip all the way to the trench and, thus, potentially increases the tsunami size in the 2004
great Sumatra-Andaman earthquake.

In the Northern Hikurangi subduction zone, consolidation experiments on samples from IODP Site
U1520 show that the sediment in trench-wedge facies is underconsolidated whereas that in pelagic
and volcaniclastic facies is overconsolidated. Lithology, biostratigraphy and seismic reflection
data suggest that the trench-wedge facies are stratigraphically equivalent to the horizon where the
active Papaku splay fault occurs at IODP Site U1518. Based on the consolidation data on trench-
wedge facies, a pore pressure prediction equation for Site U1518 is derived using critical state soil
mechanics. Pore pressure 77% of lithostatic stress is revealed at the top of the Papaku fault,
whereas the pore pressure at the bottom increases to 93% of lithostatic stress. Previous studies
have shown that slow slip events (SSEs) in the North Hikurangi subduction zone may propagate
to a depth of < 2 km below seafloor (kmbsf). Therefore, SSEs at 2 kmbsf are simulated under
above pore pressure conditions according to the rate-and-state friction theory. The modeling results
are comparable to the natural SSEs and indicate that high pore pressure decreases the reoccurrence
interval of SSEs.



ZUSAMMENFASSUNG

In Subduktionszonen entstehen die grofiten Erdbeben und ~90 % der globalen seismischen Energie
wird dort freigesetzt. Die Erdbeben finden entlang bereits der bestehenden Verwerfung der
Plattengrenze (Décollement) statt und stellen somit ein Reibungsphinomen dar. Der Porendruck
spielt eine entscheidende Rolle bei der Erdbebenentstehung und der Ausbreitung des seismischen
Versatzes, da er das Versagen von Verwerfungen bestimmt und die Art des Reibungsgleitens
kontrolliert. Daher ist die Vorhersage des Porendrucks von entscheidender Bedeutung, um das
Reibungsverhalten von Verwerfungen in Subduktionszonen zu verstehen und das geologische
Gefahrdungspotential abzuschétzen. In der vorliegenden Dissertation wird der Porendruck in den
Subduktionszonen Nankai-Trog, Nord-Sumatra und Nord-Hikurangi quantifiziert und mit dem
Auftreten von Tsunami-Erdbeben und langsamen Erdbeben, sogenannten ,,slow slip* Ereignissen,
untersucht.

Fiir den Nankai-Trog werden robuste Porendruckabschétzungen durch einen multimethodischen
Ansatz aus Konsolidierungsexperimenten und numerischen Modellen, sowohl fiir die
akkretierenden als auch fiir die subduzierenden Sedimente, vorgenommen. Die Ergebnisse zeigen
einen kontinuierlich ansteigenden Poreniiberdruck mit nahezu konstantem Verhédltnis von
Porendruck zu lithostatischer Spannung in den akkretierten und subduzierten Sedimenten. Dies
deutet darauf hindeutet, dass die Plattengrenze im Nankai-Trog kein Wasserstauer ist, wie zuvor
angenommen. Aus den experimentellen Daten abgeleitete Porendriicke von 84%-93% der
lithostatischen Spannung entlang des Décollements werden dabei auf wiederholte lithostatische
Porendruckpulse in den letzten 3 kyrs zurlickgefiihrt. Der hohe Poreniiberdruck fiihrt dazu, dass
die Scherfestigkeit des Décollements am Ful3 des Akkretionskeils nur 0,4-0,8 MPa betrigt, was
die Wahrscheinlichkeit einer seismischen Ausbreitung bis zum Tiefseegraben und damit die
Entstehung eines verheerenden Tsunamis vor der Kiiste SW-Japans bei einem groflen Erdbeben
begiinstigen konnte.

Dariiber hinaus werden die Porendruckschitzungen im Nankai-Trog fiir die Bewertung eines
neuen porosititsbasierten Modells zur Porendruckvorhersage verwendet, dass den
Konsolidierungszustand der Sedimente berticksichtigt. Der Ansatz stellt eine Weiterentwicklung
eines kiirzlich vorgestellten Modells dar, das auf dem bodenmechanischen Konzept des kritischen
Zustands aufbaut. Verglichen mit dem normal konsolidierten Sediment wird in dem
iiberkonsolidierten Sediment des Nankai-Trogs 40-50% weniger Poreniiberdruck aufgebaut. Eine
Uberkonsolidierung mindert daher die Poreniiberdruckentstehung. Unter Beriicksichtigung der
Uberkonsolidierung der Sedimente im Nankai-Trog werden mit Hilfe des neu entwickelten
Ansatzes zudem die mechanischen Eigenschaften der Plattengrenze in der Subduktonszone
quantifiziert. Die Scherfestigkeit entlang der Uberschiebung liegt unter 2,2 MPa und ist damit
grofer als die Scherspannung (<0,4 MPa). Dies impliziert, dass der duBlere Akkretionskeil nicht



im Zustand des mechanischen Versagens ist und in Ubereinstimmung mit der ,,dynamic Coulomb
wedge”’-Theorie steht.

In der Nord-Sumatra Subduktionszone wurde der Porendruck fiir die IODP-Lokationen U1480
und U1481 quantifiziert, die sich ~225 km seewirts des Tiefseegrabens befinden. Ergebnisse aus
den experimentellen Konsolidierungsversuchen belegen einen moderaten Poreniiberdruck in
einem Horizont, der als Proto-Décollement betrachtet wird. Die Porendruckentwicklung in
Richtung Subduktionszone wird durch ein eindimensionales Konsolidierungsmodell simuliert, das
die Sedimentationsrate und die Dehydrierung von Silikaten beriicksichtigt. Die
Modellierungsergebnisse zeigen, dass der Poreniiberdruck kontinuierlich ansteigt und einen
Hochstwert von 96% der lithostatischen Spannung erreicht, wenn sich das Sediment dem
Tiefseegraben ndhert. Daraus wird ein hoher Poreniiberdruck entlang der Plattengrenze abgeleitet
und zur Erkldrung des Versatzes im groflen Sumatra-Andaman-Erdbeben 2004 herangezogen
indem der hohe Poreniiberdruck die Ausbreitung des koseismischen Versatzes bis in den
Tiefseegraben erleichtert und damit mdglicherweise die Gro3e des Tsunamis erhoht hat.

In der nordlichen Hikurangi-Subduktionszone zeigen Konsolidierungsexperimente an Proben der
IODP Lokation U1520, dass das Sediment der Tiefseegrabenfazies unterkonsolidiert ist, wéhrend
das tiefer liegende Sediment der pelagischen und vulkaniklastischen Fazies liberkonsolidiert ist.
Lithologie, Biostratigraphie und seismische Reflektionsdaten deuten darauf hin, dass die
Tiefseegrabenfazies stratigraphisch dquivalent zu dem Horizont ist, in dem die aktive Papaku-
Spreizungsstorung an der IODP Site U1518 auftritt. Basierend auf den Konsolidierungsdaten der
Tiefseegrabenfazies wird der Porendruck fiir die Lokation U1518 unter Verwendung des in dieser
Arbeit entwickelten bodenmechanischen Models abgeleitet. Der Porendruck betrdgt 77% der
lithostatischen Spannung am oberen Ende der Papaku-Verwerfung und steigt bis zum unteren
Ende auf 93% der lithostatischen Spannung an. Friihere Studien haben gezeigt, dass sich SSEs
(,,slow slip* Ereignisse) in der nordlichen Hikurangi Subduktionszone bis zu einer Tiefe von < 2
km unter dem Meeresboden (kmbsf) ausbreiten konnen. Daher werden SSEs in 2 kmbsf unter den
oben genannten Porendruckbedingungen gemif der ,,Rate-and-State-Friction - Theorie simuliert.
Die Modellierungsergebnisse sind vergleichbar mit den natiirlichen SSEs und zeigen, dass hoher
Porendruck das Wiederholungsintervall von SSEs verringert.



CONTENTS

Chapter 1: INtroduCtion ......oeeeieeiieiisinieeisenseinseniecisiessnesssesseesssessssssssssssassssesssssssssssssssssasssss 1
1.1 Earthquakes in SUDAUCLION ZOMNE ........cccueeviieeiiiiieeie ettt 1
1.2 Pore Pressure in SUDAUCLION ZOMES.........oeiuieiiiaiieniieeiieeie ettt e 3
1.3 Motivation and Research DeSIZN ........c.cceciiiiiiiieiiieciie e 6
1.4 Outline of this Cumulative DIiSSEItation ..........ccceeverierierieriinienienierieeeeeesteeee e 9
1.5 Contribution to the ManUSCIIPLS .....cccveervieeiieriieeieertie et esiee e eiee et eseeesteeseeebeessneeseens 11

Chapter 2: Pore Pressure Regime and Fluid Flow Processes in the Shallow Nankai Trough

Subduction Zone Based on Experimental and Modeling Results from IODP Site C0023". 13

2.1 TNEOAUCTION ...ttt ettt et sttt be ettt sbe e b e st e eneenbeenee e 13

2.2 GEOLOZICAL SEHNE.....ccuvieiieiieeiieiie ettt estte ettt e ebeesteeebeesteeesseenseesseenaeeesseessseensaens 16

2.3 Materials and MethOdS..........coouiiiiiiiiiieeiee ettt 18
2.3.1 Materials and Experimental Estimates of Pore Pressure ............ccceevvveeiieennnennns 18

2.3.2 Numerical Estimates of POre Pressure..........coocoeoveienieiinienieieceeeeseesiee 25

2.3.3 Coupled Pore Pressure Dissipation and Chemical Transport Model................... 26

24 RESUILS ...ttt ettt et e et e a et e bt et e et e e he e e bt e ent e ebeeehteenbeenteeenneen 28
2.4.1 Experimental Results and Numerical Pore Pressure Estimates .............cccccceeuen. 28

2.4.2 Coupled Pore Pressure Dissipation and Chemical Transport Model................... 30

2.5 DISCUSSION ..ttt ettt ettt ettt et e bt et e st e bt e eab e e ebeesabe e bt e eabe e bt e sabeenabeenbeenbeeeaneens 31
2.5.1 Comparison with Previous Pore Pressure Estimates ...........ccccecevvenenicnicnennnn 31

2.5.2 Pore Pressure Regime in Shallow Subduction Zones..........ccccecevvevernieneeneenns 32

2.5.3 Near Lithostatic Pore Pressure along Décollement ............cccceeevvieeniieiiieennnnns 33

2.5.4 Mechanical Strength of Décollement and Its Implication ............cccccoeienieennenne 35

2.6 CONCIUSIONS ...ttt ettt ettt ettt ettt st sbe b estesbeenbeeaee e 35
Supplementary Material...........c.ooouiiiiiiiiiiiieieee e 36
Chapter 3: The Effect of Consolidation State on Pore Pressure Prediction in an Accretionary
Prism Using a Porosity-Based Critical State Soil Mechanics Approach 43
3.1 INEEOAUCTION ...ttt ettt et st b et et sbe e 43

3.2 GEOlOGICAL SEEUINE.......eeeuiieiieeiiieiieeie ettt ettt ettt ettt e st e ebeesaaeenbeesseeenseesnseenne 44

3.3 Concepts and MOAEIS .......c.veieiiiieiiieeiieeee e 47



3.3.1 SHrESS AN PIESSUTE ... ..o e et e e e e e e e e e e e eeeeeaaneeas 47

3.3.2 CONSOIAALION ...ttt sttt et st 47
3.3 3 OIS ..ttt sttt 49
3.4 MOl APPIICATIONS.....eeeiiieiiieiiieiieeie ettt ettt et ettt e e b e e ssaeesseesaaeesseessseensaensseenns 53
3.4.1 Single-Site Pore Pressure EStIMAtes .........ccccveeeiuieiciiiieciieeeiie e 53
3.4.2 Two-Dimensional Pore Pressure Distribution ...........ccccceeviiiieniiniiinnieniienee 55
3.5 RESUILS .ttt sttt h e b et et 57
3.5.1 Sites 808, 1174 and CO023 ........cocoovieiieieniieieeeseeeete e 57
3.5.2 MUTOO TTANSECL...ceeutiiiiiieeitie ettt ettt ettt e st s e e s 58
3.0 DISCUSSION ...ttt ettt ettt ettt et e sttt et e et e e bt e s et e e bt esaeeeabeessteeabeesaeeenseesnseenseenneeenne 60
3.6.1 Pore Pressure ESHMALES ......cc.eevieierieniieiesiieiceesi et 60
3.6.2 Implications for Stability of the Subduction Thrust Faults.............c..cccoeeevrennnnne. 61
3.6.3 Implications for Submarine Landslides in Subduction Zones..........c.cccecueenene. 63
3.7 CONCIUSIONS ....cuieiiteitieeie ettt ettt et ettt e st e bt esab e et e e s abeeabeesaeeenbeesnseenseenneeenne 63

Chapter 4: Pore Pressure Prediction and Modeling in the North Sumatra Subduction Zone:

Implications for Tsunami Hazard 65
4.1 INEEOAUCTION ...ttt ettt e ettt e et e bt e e bt e st e snbeesaeeenbeesseeenseens 65

4.2 GEOlOZICAL SEHHNE. ....cueieiieiieeiieie ettt ettt et e st e et e st e sbeesaeeenbeessaeenseens 66

4.3 EXperimental ANALYSIS .....ccccuviiiiiiiiiieiiieeeiieeeite ettt et e e e s ee b eesaaeeeareeennee e 68
4.3.1 Sample Material and Consolidation Experiment............c.ccoecveveviiennieeinieennneenns 68

4.3.2 Evaluation of Consolidation Behavior............ccoooiiiiiiiiiiiiiiiinieee e 69

4.3.3 Estimates of POTe PreSSuIe..........covuiiiiiiiieiiecie e 72

4.4 Numerical Modeling of Pore Pressure EvOlution ...........cccceevvviiiniiiiiieeiniie e 75
4.4.1 Numerical Model and Implementation ............ccccceeeecuieeriieeniieeriee e 75

4.4.2 Modeling Results and Implications ...........ccceeveeierieneriienienieicnicre e 77

4.5 CONCIUSIONS ...ttt ettt et sttt et b et st sbe bt ebtesbeenae et 80
Supplementary Material............cocviiiiiiiiiiiieee et e reeen 81
Chapter 5: Pore Pressure Prediction in the North Hikurangi Subduction Zone: Implications
fOr SIOW SHP EVENLS ..ccciiiiiiiiiiiniiiiniiiensnicnsnicssnicsssnicsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 83
5.1 INtrOQUCTION ...ttt sttt ettt st b et st 83

5.2 GEOlOZICAL SEIING...ccuvvieeiiieeiieeeiie ettt e et e et e e et eeetaeeeteeeebeeessseeeesseeenseeensseeans 84



5.3 Pore Pressure Estimation and ANalySis.........ccceecuieeiiieeiiieeiieeeiie e eereeeeveeesvee e 86
5.3.1 Sample Material and Consolidation Experiment............ccccceeevvveevcrieencieeenieeenen. 86

5.3.2 Evaluation of Consolidation Behavior.............ccccovieniiiinieninienieiecieceeeee 87

5.3.3 Pore Pressure Estimates at Site U520 ........ccocoriievieniiienienienienieieeeseeie e 89

5.3.4 Pore Pressure Estimates at Site U1518 .....cc.ooeiiiieiiiieieeeeee e, 92

5.4 Numerical Modeling 0f SSES ........oooiiiiiiiiceee et 93
5.4.1 Numerical Model and Implementation .............cccceereeeiienieeciienieeieenee e 93

5.4.2 Modeling Results and IMplications ...........cceeveeriienieniiienieeiienie e 96

5.5 CONCIUSIONS.....eeieuiiieetiieetieeetieeetteeeteeesbeeestaeeessaeaesaeeaseeesssseesssseesssesessseeesssesensseesnsseenns 97
Supplementary Material............c.ooiuiiiiiiiiiiiiieee et 98
Chapter 6: Conclusions and Outlook 99
6.1 CONCIUSIONS ..ottt ettt et sttt et saee s bt et eestesbeebeenee e 99

0.2 OULLOOK ...ttt e et e e et e e e tae e e beeessseeesabeeeessee e sseeesseeennaeeennes 100
APPENdiX..couvereerssreneecsssansecsans .. 103
A.1 IODP-ICDP Kolloquium 2019 ADBSEIaCt.......c.ccovuieriieriieiieeieeieeeee e 103

A.2 AGU Fall Meeting 2019 ADSIIACE.......ccviiiieriieeieeiieeie ettt 104
ACKNOWICAZEIMENLS ...uuuerirneiirsnricssnricssnninsssnicssnnicsssnecsssnessssnessssnesssssessssssssssesssssesssssssssssssssssssssses 105
References........cceeveeecrcnnecsnncene .107







Chapter 1: Introduction

1.1 Earthquakes in Subduction Zone

Subduction zone is a region where a denser oceanic plate is subducting beneath a more buoyant
continental or another oceanic plate (Stern, 2002). As an active convergent plate margin,
subduction zones accommodate the plate motions and host the largest earthquakes (e.g., Kanamori,
1986). Statistics of global large earthquakes between 1900 and 1989 have shown that 90% of the
seismic energy is released in subduction zones (Pacheco & Sykes, 1992). It has been recognized
that large tectonic earthquakes occur by sudden slip along the pre-existing plate interface and thus
are a frictional phenomenon (Scholz, 1998). Therefore, understanding the slip behavior of the plate
interface in subduction zones has been a subject of ongoing concern (e.g., Hirose & Hirahara, 2002;
Schwartz & Rokosky, 2007; Saffer & Wallace, 2015; Saffer, 2017; Wallace, 2020).

Subduction zones can be divided into accretionary and nonaccretionary types (von Huene & Scholl,
1991). The accretionary subduction zones are characterized by a portion of sediment on the
incoming plate accreted onto the frontal tip of the overriding plate where an accretionary prism is
formed (Saffer & Tobin, 2011). The rest sediment on the incoming plate normally underthrusts
beneath the overriding plate, enters the subduction factory and reequilibrates with the mantle of
Earth (Stern, 2002). In contrast, for nonaccretionary subduction zones, the sediment completely
subducts beneath the overriding plate and no sediment on the incoming plate is accreted (Saffer &
Tobin, 2011). The plate boundary interface which separates the overriding plate from the
underthrusting section is a megathrust and is also termed décollement (Figure 1-1).
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Figure 1-1. Schematic cross section of subduction zone forearc showing geologic elements and
hydrologic processes of accretionary wedge after Saffer and Tobin (2011) and Moore et al. (2007).
Blue shading denotes excess pore pressure and deeper blue represents higher excess pore pressure.



Arrows show fluid flow and are scaled qualitatively to illustrate flow rates. Red lines illustrate the
distribution of faults.

Large subduction earthquakes nucleate on the plate boundary megathrust and occur at a specific
depth range which is called seismogenic zone (e.g., Scholz, 2019). The updip and downdip limits
approximately locate at depths of 5-10 and 25-55 km below seafloor, respectively (Ruff &
Tichelaar, 1996; Deshon et al., 2003). Further investigations suggest that the updip limit might be
associated with a suite of diagenetic to low-grade metamorphic processes corresponding to a
temperature range of 100-150 °C (Moore & Saffer, 2001), whereas the lower limit seems to be
attributable to rock behavior transition from brittle to ductile (Oleskevich et al., 1999) when the
temperature reaches 350-450°C (Hyndman et al., 1995). Friction experiments provide direct
evidence for the former. For examples, with the increasing lithification, the frictional behavior of
the sediment changes from velocity-strengthening to velocity-weakening (e.g., Triitner et al., 2015;
Ikari & Hiipers, 2021). The transformation of smectite to illite promotes the lithification and slip-
weakening behavior (e.g., Lauer et al., 2017). Therefore, a classical subduction earthquake model
(e.g., Moore & Saffer, 2001) is established that earthquakes nucleate and rupture in the inner
subduction thrust system whereas the material in the outer system is aseismic and any seaward
rupture propagation should cease in velocity-strengthening unconsolidated sediments (Figure 1-1).

However, coseismic slip nearly extending to the trench was inferred in the 2004 Sumatra-Andaman
and 2011 Tohoku earthquakes (e.g., Bletery et al., 2016; Fujiwara et al., 2011), which triggered
devastating tsunamis through large seafloor displacement and challenged the prevailing model
(Hiipers et al., 2017). Therefore, the origin of seismogenic behavior is more sophisticated and
requires accounting for conditions that include, but might not be limited to, clay dehydration (e.g.,
Lauer et al., 2017), precipitation of calcite and quartz (e.g., Peltonen et al., 2009; Saffer et al.,
2012), water content (e.g., Ikari et al., 2007), sliding velocity (e.g., Ikari & Kopf, 2017), and stress
state (e.g., Saffer & Marone, 2003; Faulkner et al., 2011). A recent explanation for the occurrence
of coseismic slip in shallow subduction zones was proposed that the weak sediment in the outer
subduction system is energetically favorable for the propagation of earthquakes and permits
earthquake slip to the trench (Faulkner et al., 2011). Another important finding in shallow
subduction in the last two decades was the recognition of a spectrum of slow earthquake
phenomena (Saffer & Wallace, 2015). Within this spectrum, slow slip events (SSEs) or silent
slip/earthquakes which are characterized by too low sliding velocity to produce earthquakes
(Schwartz & Rokosky, 2007), attracted great attention, due to its close relationship with ordinary
earthquakes and tsunamigenic earthquakes (Koulali et al., 2017). It has been proposed that pore
fluid pressure plays a fundamental role in the generation of this fault slip behavior (Kodaira et al.,
2004; Arnulf et al., 2021).

In fact, pore fluid pressure has been thought to has profound influence on the mechanics of
earthquakes and faulting (Saffer & Tobin, 2011). Previous study has shown that fault-valve
behavior is governed by pore pressure (Sibson et al., 1988; Sibson, 1990): under a given deviatoric
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stress state (o,'-0;"), faulting of intact formation or reactivation of existing faults can be triggered
by elevated pore pressure. Pore pressure not only determines the absolute strength of faults (e.g.,
Townend & Zoback 2001), but also plays a critical role in the hydro-mechanical processes at
subduction zones (Saffer & Tobin, 2011). There is common agreement that the overall geometry
of the subduction complex is closely related to pore pressure (e.g., Davis et al. 1983; Wang & Hu,
2006). Based on the mechanics of earthquakes and faulting (Scholz, 1998), pore pressure governs
the frictional stability of the fault which can be described by the friction stability parameter (:

¢ =(a-b)-o, (1-1)
where a an b are velocity-dependent frictional properties of material, and o, is the effective

normal stress on the fault plane. Positive (a-b) value represents velocity-strengthening material,
corresponding to a positive { which predicts intrinsically stable behavior. In contrast, the material
with negative (a-b) and { values exhibits velocity-weakening behavior and is either unstable (large
negative values of {) or conditionally stable (small negative values of (). According to the

Terzaghi's effective stress theory, the normal stress o is borne by the effective normal stress o,

and pore pressure P:
oc=o0,tP (1-2)

Hence the material with low pore pressure is unstable while that with high pore pressure is
conditional stable (Scholz, 1998). Normally earthquakes cannot nucleate on conditional stable
fault patches, but the fault patches can be destabilized when a nearby earthquake initiates (Park et
al., 2014). Therefore, pore pressure decides the distribution of seismogenic zones (e.g., Moore &
Saffer, 2001) and rupture propagation zones (e.g., Seno, 2002). Furthermore, it has been accepted
that pore pressure also has profound effects on the mode of fault slip behavior (e.g., Kitajima &
Saffer, 2012; Liu & Rice, 2007). Therefore, pore pressure is a key parameter to understand the
dynamics and evolution of subduction zones (Saffer & Tobin, 2011). To date, excess pore pressure
has been widely invoked to explain the small critical taper of accretionary wedge (e.g., Dahlen,
1990), the occurrence of tsunamigenic slip near the trench (e.g., Seno, 2002), the wide seismogenic
zone (e.g., Fagereng & Ellis, 2009), as well as a series of new modes of slip behavior including
slow slip events (e.g., Song et al., 2009), low frequency earthquakes and very low-frequency
earthquakes (e.g., Ito & Obara, 2006).

1.2 Pore Pressure in Subduction Zones

In subduction zones, pore pressure is tightly interconnected with the fluid flow processes, and
widely distributed excess pore pressure has been revealed (Figure 1-1). According to the Darcy
law (1856), permeability exerts a first order control on pore pressure. Therefore, the excess pore
pressure is attributable to the relatively low permeability which cannot drain the pore fluid in time
when the sediment is rapidly loaded due to high sedimentation rate and lateral tectonic compaction
(e.g., Skarbek & Saffer, 2009; Flemings & Saffer, 2018). The release of bound water driven by
diagenetic processes is another important origin of excess pore pressure (e.g., Lauer et al., 2017).
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Besides, the up-dip migrated deep fluids along faults may also contribute to the generation of
excess pore pressure (Zhang et al., 2021). Geochemical anomaly such as elevated B, Li or CH4
concentrations which are typical signatures for deep-rooted pore fluids provide solid evidence (e.g.,
Kastner et al., 1991; You et al., 1996). Following Gordon and Flemings (1998), the pore pressure
evolution accounting for these effects is described by:

op_1 0 ﬁ.[a_P_ j Ly 00, 1 0V (1-3)
o S, oz| u P8 4

where P is the pore pressure, ¢ is the time, S; is the storage coefficient, z is the burial depth, £ is the
permeability, u is the viscosity of pore water, p is the water density, g is the gravity acceleration,
aa—a is the loading rate, y is the loading efficiency, aa—V is the fluid production rate during diagenetic
t t

processes. The term on the left side represents the final variation of pore pressure with time. The
first term on the right side represents the component caused by Darcy flow. The second term on
the right side represents the component attributed to the rapid loading by high sedimentation rate
and lateral tectonic compaction. The third term on the right side represents the component derived
from the pore water volume variation such as opal-A to opal-CT to quartz, clay dehydration and
fluid influx along faults.

Numerous studies have investigated the pore pressure in subduction zones (e.g., Screaton et al.,
2002; Tsuji et al., 2008, 2014; Flemings & Saffer, 2018). Qualitatively, a series of indicators for
excess pore pressure have been proposed. For example, relatively high porosity has been regarded
as inhibited pore fluid drainage which cannot equilibrate with the rapid increase of loading, and is
viewed as a manifestation of excess pore pressure (e.g., Screaton et al., 2002). Seismic velocity
decreases with increase of pore pressure, reversal of acoustic impedance (impedance = velocity x
density) thus has been seen as evidence of excess pore pressure (e.g., Tobin et al., 1994; Moore et
al., 1995). Also, classical Coulomb wedge theory links the morphology of accretionary wedge to
pore pressure and considers the low taper angle as indicative of excess pore pressure (e.g., Davis
et al., 1983; Wang & Hu, 2006). On the other hand, many quantitative approaches have been
developed to estimate the magnitude of pore pressure. The approaches for pore pressure estimation
include, but are not limited to, using tapered probes (e.g., Flemings et al., 2008) or Long Term
Borehole Monitoring System (e.g., Kopf et al., 2011; Kopf et al., 2017), leak-off or hydraulic
fracturing tests (e.g., Couzens-Schultz & Chan, 2010), inference from wellbore breakouts (e.g.,
Huffman & Saffer, 2016), laboratory consolidation experiments (e.g., Saffer et al., 2000),
hydrogeological modeling (e.g., Dugan et al., 2003), prediction from porosity (e.g., Screaton et al.,
2002) and conversion of seismic interval velocities (e.g., Tobin & Saffer, 2009; Tsuji et al., 2008,
2014). Among them, direct pore pressure measurements through such as borehole observatories or
pore pressure probes are rare due to the high costs. Laboratory experimental data provide robust
but limited pore pressure estimates. Numerical modeling can constrain pore pressure evolution,
but requires input of many accurate parameters. In comparison, porosity, seismic velocity, or other
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analogous data not only provides reliable pore pressure estimates, but also can be applied to a large
area.

Consolidation experiment is an important experimental approach to calculate the pore pressure in
subduction zones. In uniaxial consolidation experiments, a load is applied on the samples. With
the increase of applied load, the specimen deforms and the resulting deformation is recorded by a
linear variable displacement transducer (LVDT). By plotting the deformation against the applied
stress, a yield point can be identified. This yield point is commonly regarded as the maximum
vertical effective stress that the sediment has sustained and is termed preconsolidation stress (e.g.,
Casagrande, 1936). The experimental procedure has been established by American Society for
Testing and Materials (ASTM) Committee and detailed description can be found in ASTM
D2435/D2435M-11 (ASTM International, 2011). Assuming the preconsolidation stress represents
the in situ vertical effective stress, the pore pressure can be calculated (e.g., Saffer, 2003). This
method is normally limited to underthrust sediment, because the preconsolidation stress in
accretionary prism is highly affected by tectonic stress (e.g., Moore et al., 1998). Despite this,
Moore and Tobin (1997) investigated the pore pressure in accreted sediments by interpreting the
preconsolidation stress as the in situ horizontal effective stress.

Porosity-based pore pressure prediction approach is another widely used method to investigate the
pore pressure in subduction zones, because porosity can be easily obtained from moisture and
density (MAD) measurements (e.g., Screaton et al., 2002), logging while drilling (LWD) data (e.g.,
Hoffman & Tobin, 2004), or pre-drilling seismic velocity (e.g., Tobin & Saffer, 2009). Due to the
great challenge in submarine deep-drilling, the current deepest borehole in the ocean is 3262.5
meters below seafloor (Tobin et al., 2020). Therefore, pore pressure prediction for great depth
mainly relies on seismic data. For porosity-based pore pressure prediction approach, a key step is
to establish a relationship between porosity and effective stress (e.g., Tobin & Saffer, 2009). The
empirical relationship represents a normal consolidation curve (e.g., Swarbrick, 2001) and is
usually obtained from a reference site prior to subduction (e.g., Screaton et al., 2002). Although
many studies have established solid porosity-effective stress relationships and have generated
robust pore pressure estimates, they mainly focused on the underthrust sediment (e.g., Saffer, 2003;
Skarbek & Saffer, 2009). The underlying reason is that the underthrusting sediment is subjected
to uniaxial consolidation, whereas the stress path of accretionary prism is more complex (e.g.,
Kitajima & Saffer, 2014). Both the underthrust section in subduction zones and the reference sites
where the empirical relationship is established are thought to deform in uniaxial compression and
their consolidation is mainly governed by vertical effective stress (e.g., Moore & Tobin, 1997,
Tsuji et al., 2008). Therefore, the empirical relationship acquired from reference sites is applicable
to the underthrust section. In comparison, the accretionary prism is highly affected by the lateral
tectonic stress and thus the consolidation of sediments is controlled by both mean effective stress
and shear stress (e.g., Kitajima et al., 2017), such that the empirical relationship is not applicable
to the accreting sediments.



The key for the pore pressure prediction in accretionary prism is to establish an applicable
empirical relationship between porosity (or analogous parameter) and effective stress. The critical
state soil mechanic provides the foundation to derive the empirical relationship in accretionary
prism from that acquired at reference sites (e.g., Kitajima & Saffer, 2012; Flemings & Saffer,
2018). Karig (1986) made the first effort to estimate the prism pore pressure with this method
(Flemings & Saffer, 2018). For the accretionary prism, the sediment initially experiences uniaxial
compression before passing into the wedge (e.g., Yamamoto et al., 2013). When the sediment is
accreted on the overriding wedge, the horizontal stress increases and may reach Coulomb failure
(e.g., Kitajima & Saffer, 2014). Assuming the accretionary prism is in a state of Coulomb failure,
Flemings and Saffer (2018) proposed a generalized method to predict pore pressure in subduction
zones based on the Modified Cam Clay (MCC) model (Roscoe & Burland, 1968). This method is
applicable to both underthrust and accreted sediments and brings new insights into the stress state
in accretionary prism (Flemings & Saffer, 2018). In addition to this method, triaxial experiments
provide another approach to establish the empirical relationship between porosity (or analogous
parameter) and effective stress in the accretionary prism. For example, Kitajima and Saffer (2012)
conducted triaxial deformation experiments and determined the critical state line which represents
the empirical relationship between mean effective stress and void ratio for the accreted sediment.

1.3 Motivation and Research Design

As discussed above, previous studies have led to greatly improved understanding of the hydro-
mechanical processes in subduction zones and their relations with subduction earthquakes.
However, there is still much to be learned and improved, including but not limited to the following
aspects (Figure 1-2):

(1) Pore pressure prediction in the accretionary prism and fault zone

The pore pressure prediction in subduction zones mainly focuses on the underthrust sediments
(e.g., Screaton et al., 2002; Skarbek & Saffer, 2009), while pore pressure estimates in the
accretionary prism are scarce due to its complex stress environment (e.g., Yamamoto et al., 2013).
Flemings and Saffer (2018) recently proposed a method to estimate the stress state in the Nankai
accretionary prism and revealed greater excess pore pressure than that in underthrust sediments.
However, this result seems to contradict with the drainage of pore fluids from buried sediments to
seafloor, because higher excess pore pressure in the accretionary prism will act as a pore pressure
seal. Therefore, more studies are needed to verify the pore pressure state in the accretionary prism.
For the pore pressure in subduction zone faults, it has been widely accepted that high excess pore
pressure exists along the décollement (e.g., Tobin et al., 1994; Bekins & Screaton, 2007; Saffer &
Tobin, 2011). However, previous quantitative studies were mainly based on geophysical data (e.g.,
Tobin & Saffer, 2009; Tsuji et al., 2014) and experimental pore pressure estimates for the
décollement zone are sparse. There is a need to provide experimental estimates to verify the high
pore pressure along the décollement.



(2) The effect of consolidation state on pore pressure prediction

Consolidation experiments have been successfully used to estimate the pore pressure in subduction
zones (e.g., Saffer, 2003), but it relies on a fundamental assumption that the preconsolidation stress
acquired from consolidation tests represents the in situ vertical effective stress (e.g., Dugan &
Germaine, 2008). Previous studies have shown that many phenomena such as secondary
consolidation and diagenesis could shift the preconsolidation stress to higher values (e.g., Bjerrum,
1973; Morgan & Ask, 2004). Therefore, the consolidation state of sediments has to be taken into
consideration when using preconsolidation stress to calculate pore pressure, which is lacking in
previous studies (e.g., Saffer, 2003; Dugan & Germaine, 2008). Similarly, for non-experimental
methods, the consolidation state of sediments also has important impact on the pore pressure
results (Swarbrick, 2001). Among them, one important method is a porosity-based approach
proposed by Flemings and Saffer (2018). Different from many empirical methods, this approach
is rooted in critical state soil mechanics and provides a complete pathway to predict the pore
pressure in a variety of environments (Flemings & Saffer, 2018). However, the consolidation state
of sediments is not considered in this model and it is critical to investigate the effects of
consolidation state on the model performance.
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Implications of Pore Pressure for the
Slip Behavior of the Plate Interface

Figure 1-2. Schematic workflow of this Ph.D. study. PP = Pore Pressure, PPP = Pore Pressure
Prediction, CSSM = Critical State Soil Mechanics.

(3) Pore pressure prediction in deep sediments and mechanism of excess pore pressure generation

Because current deep-drilling only reaches a depth of 3262.5 meters below seafloor (Tobin et al.,
2020), pore pressure prediction in deep sediments is mainly based on seismic data (e.g., Kitajima
& Saffer, 2012). It is important to develop other methods to verify the pore pressure estimates in
deep sediments due to the multiple solutions of seismic data. On the other hand, to better predict
and understand the distribution of excess pore pressure, clarifying the mechanism of excess pore
pressure generation is crucial. To date, many mechanisms have been proposed to explain excess
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pore pressure in subduction zones. Chief among of them are clay mineral dehydration (e.g., Ko et
al., 1997; Lauer & Saffer, 2015), rapid sedimentation rate (e.g., Meridth et al., 2017) and influx of
deep fluids (e.g., Saffer & Bekins, 1998; Saffer & Kopf, 2016). However, the relative contribution
of different mechanisms to excess pore pressure generation is not well evaluated and quantitative
research is especially limited. Quantification of the contribution of different mechanisms to excess
pore pressure generation is of interest for the study of pore pressure prediction, and is expected to
generate improved understanding of excess pore pressure distribution.

(4) Relations of pore pressure to fault slip behavior and geohazards

It has been recognized that pore pressure has a fundamental effect on the fault slip behavior and
SSEs are thought to be closely related to excess pore pressure (e.g., Kodaira et al., 2004), because
the region hosting SSEs is commonly characterized by excess pore pressure (Arnulf et al., 2021).
However, how pore pressure affects SSEs remains incompletely understood and there is a need to
investigate the relationship between pore pressure and SSEs. In addition, pore pressure provides
critical information for understanding the frictional stability and earthquake generation in
subduction zones, and thus is a key parameter for assessing the geohazard potential (e.g., Seno,
2002). From perspective of energy, the shallow slip near the trench causing tsunamis can be
explained by the low fracture energy of weak sediments (Faulkner et al., 2011). Based on the
mechanism of frictional strength (Persson, 2000), weak sediments can be attributed to either
intrinsic low friction coefficient or high pore pressure. It has been validated that the unexpected
large shallow slip in 2011 Tohoku earthquake is owing to the presence of abundant weak smectite
(Ujiie et al., 2013). In comparison, the causal relationship between high pore pressure and
exceptionally large slip has not been well assessed.

In order to improve the above four aspects and to better understand the implications of pore
pressure for the slip behavior of the plate interface, this Ph.D. study investigated the pore pressure
in the Nankai Trough, North Sumatra and North Hikurangi subduction zones, using multiple
approaches involving consolidation experiments, empirical equations, critical state soil mechanics
and numerical modeling (Figure 1-2).

In the Nankai Trough subduction zone, recent International Ocean Discovery Program (IODP)
Expedition 370 penetrated the décollement and recovered sediments from the accretionary prism,
underthrust section and major reverse fault zone (Heuer et al., 2017). This provides the unique
opportunity to estimate the pore pressure in the accretionary prism and fault zone by experimental
approach such as consolidation tests. Further, anomalously low chlorinity has been revealed along
the décollement in the Nankai Trough (Heuer et al., 2017) and can be used to constrain the fault
zone pore pressure by numerical modeling. Also, as one of the best-studied subduction zone,
abundant consolidation experiments have been conducted on samples from the Nankai Trough,
which makes Nankai Trough the best area to investigate the effects of consolidation state on pore



pressure prediction. Therefore, Nankai Trough was selected as a research area, in order to provide
new insights into aspects (1) and (2).

In the North Sumatra subduction zone, coseismic slip in the Mw 9.2 2004 Sumatra-Andaman
earthquake propagated to the trench and triggered devastating tsunami (Ammon et al., 2005).
Seismic profile shows that the incoming sequence is as thick as 5 km at the deformation front
(Dean et al., 2010). This makes coring the sediments close to the décollement impossible and
increases the difficulty of predicting pore pressure around the rupture area. However, recent IODP
Expedition 362 recovered the sediment succession before entering into the subduction zone
(McNeill et al., 2017a) and provided critical information to constrain the evolution of
sedimentation and silicate dehydration in clay-rich sediment (Hiipers et al., 2017). Combining the
parameters that can be acquired from consolidation experiments, these basic data can be employed
to simulate the pore pressure evolution in the North Sumatra subduction zone. The modeling result
will answer whether large slip near the trench can be explained by pore pressure estimates. Further,
the established pore pressure evolution model is capable of quantifying the relative contribution
of different mechanisms to excess pore pressure generation. Therefore, North Sumatra was
selected as a research area, aiming at promoting our knowledge in aspects (3) and (4).

In the North Hikurangi subduction zone, slow slip events (SSEs) recur every 1-2 years (Wallace,
2020). Recent IODP Expedition 375 has recovered core samples from both frontal accretionary
prism and incoming sediments (Saffer et al., 2019). By using consolidation experiments and
porosity-based method, pore pressure in the North Hikurangi subduction zone can be computed.
Together with the pore pressure estimates in the Nankai accretionary prism, the results from North
Hikurangi will provide quantitative evidence for characterizing the pore pressure state in the
accretionary prism. In addition, the pore pressure results can be utilized to illuminate its
relationship with SSEs. To explain the occurrence of SSEs, Im et al. (2020) recently proposed a
numerical model to simulate SSEs. By combining the pore pressure results and the numerical
model, the effects of pore pressure on SSEs can be investigated. Therefore, North Hikurangi was
selected as a research area, with the goal of improving our understanding in aspects (1) and (4).

1.4 Outline of this Cumulative Dissertation

The work in this Ph.D. dissertation was conducted at the MARUM — Center for Marine
Environmental Sciences, University of Bremen, under the supervision of Prof. Dr. A. J. Kopf and
Dr. A. Hiipers. The samples used in this Ph.D. study were acquired from the IODP Expeditions
370, 362 and 375. The research outcome is presented in four first-authored manuscripts which
constitute this cumulative dissertation. This Ph.D. dissertation is divided into six chapters and the
main content of each chapter is summarized as follows.

Chapter 1: As shown above, this chapter reviews the state-of-the-art research on earthquakes and
pore pressure in subduction zones, summarizes the aspects which can be improved by this Ph.D.



study, explains how the research area is selected, outlines the main content of each chapter and
describes my detailed contribution to each manuscript.

Chapter 2: This chapter focuses on the investigation of pore pressure in the Nankai Trough.
Robust estimates of pore pressure are provided for both the accreting and subducting sediments in
the shallow Nankai Trough subduction zone, based on consolidation experiments and numerical
models. Continuous excess pore pressure is found in the accreted and underthrust sediments and
implies the Nankai décollement is not a fluid barrier. Pore pressures 84%-93% of the lithostatic
stress along the décollement are revealed and lead to the shear strength of Nankai subduction thrust
as low as 0.4-0.8 MPa, which may facilitate the propagation of seismic slip to the trench and thus
a catastrophic tsunami offshore SW Japan. This work has been published on Journal of
Geophysical Research-Solid Earth.

Chapter 3: This chapter presents the porosity-based pore pressure prediction approach modified
from Flemings and Saffer (2018) based on critical state soil mechanics. The modified method
considers the consolidation state of sediments and investigates the effects of consolidation state on
pore pressure estimates. Compared with the normally consolidated sediment, the overconsolidated
sediment in the Nankai Trough generates 40%~50% less excess pore pressure and the pore
pressure estimates are consistent with experimental data. Based on the results, the mechanical
properties of the Nankai décollement are quantified. The shear strength along the décollement is
below 2.2 MPa, obviously larger than the shear stress (<0.4 MPa). This implies that the
accretionary prism is not at Coulomb failure, which is in good agreement with the dynamic
Coulomb wedge theory (Wang & Hu, 2006).

Chapter 4: This chapter focuses on the investigation of pore pressure in the North Sumatra
subduction zone. Present pore pressure in the incoming sequence is calculated, and the pore
pressure evolution in a horizon which is considered as potential candidates for the localization of
the décollement (Dean et al., 2010) is simulated. Based on consolidation experiments and
numerical models, mainly hydrostatic to low excess pore pressure is inferred in future accreted
section at IODP Sites U1480 and U1481, while the pre-décollement horizon shows moderate
excess pore pressure. A one-dimensional sedimentation-flow model which accounts for the
sedimentation rate and silicate dehydration demonstrates that the moderate excess pore pressure is
attributed to both rapid sedimentation rate and silicate dehydration. Pore pressure in the pre-
décollement horizon reaches >90% of the lithostatic stress before plate subduction. This study
suggests that the high excess pore pressure in the near-trench faults may facilitate the propagation
of coseismic slip all the way to the trench and increase the tsunami size, when the 2004 great
Sumatra-Andaman earthquake nucleates.

Chapter 5: This chapter focuses on the investigation of pore pressure in the North Hikurangi
subduction zone. Consolidation experiments on samples from Site U 1520 suggest that the
sediment in trench-wedge facies is underconsolidated, whereas that in pelagic and volcaniclastic
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facies is overconsolidated. At Site U1518, porosity-based pore pressure prediction approach shows
that the frontal accretionary prism is widely overpressured. Further, pore pressure 77% of
lithostatic stress is revealed at the top of the Papaku fault, while the pore pressure at the bottom
increases to 93% of lithostatic stress. This provides plausible explanation for the mixed
deformation styles observed on the Papaku splay fault (Fagereng et al., 2019), and explains the
frequent slow-slip events (SSEs) in the Northern Hikurangi subduction zone. The numerical
simulation of SSEs indicates that the stress drop, peak slip velocity and recurrence interval of SSEs
decrease with increasing pore pressure.

Chapter 6: This chapter summarizes the main conclusions of this Ph.D. dissertation and presents
an outlook for the future research on pore pressure and fault slip behavior in subduction zones.

1.5 Contribution to the Manuscripts

Manuscript I: Pore Pressure Regime and Fluid Flow Processes in the Shallow Nankai Trough
Subduction Zone Based on Experimental and Modeling Results from IODP Site C0023

J. Zhang prepared all the 11 samples, conducted all the experiments, wrote the MATLAB code for
data processing, processed all the data, performed all the calculations, developed the numerical
model for fluid flow, wrote the MATLAB code for numerical modeling, interpreted the data,

prepared all the figures, wrote and revised the manuscript.

A. Hiipers helped in the preparation and experiments of the first two samples, proposed the initial
numerical model for fluid flow, wrote the initial MATLAB code for numerical modeling,
interpreted the data, and revised the manuscript. S. Kreiter and A. Kopf contributed to the
interpretations and revised the manuscript.

Manuscript II: The Effect of Consolidation State on Pore Pressure Prediction in an Accretionary
Prism Using a Porosity-Based Critical State Soil Mechanics Approach

J. Zhang derived the pore pressure prediction model for overconsolidated sediments, established
the velocity-porosity transform equation, performed all the calculations, wrote the MATLAB code
for two-dimensional pore pressure prediction, interpreted the data, prepared all the figures, wrote

and revised the manuscript.

A. Hiipers, S. Kreiter and A. Kopf initiated the idea of developing a new model based on the work
of first manuscript, contributed to interpretations and revised the manuscript. T. Tsuji provided the
velocity data, contributed to interpretations and revised the manuscript.

Manuscript III: Pore Pressure Prediction and Modeling in the North Sumatra Subduction Zone:
Implications for Tsunami Hazard

J. Zhang prepared all the 17 samples, conducted all the experiments, wrote the MATLAB code for
data processing, processed all the data, performed all the calculations, established the
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sedimentation-flow model, wrote the MATLAB code for numerical modeling, interpreted the data,

prepared all the figures, wrote and revised the manuscript.

A. Hiipers and A. Kopf contributed to the interpretations and revised the manuscript. H. Li
contributed to the discussion of the sedimentation-flow model and revised the manuscript.

Manuscript IV: Pore Pressure Prediction in the North Hikurangi Subduction Zone: Implications for
Slow Slip Events

J. Zhang prepared all the 9 samples, conducted all the experiments, wrote the MATLAB code for
data processing, processed all the data, performed all the calculations, modified the MATLAB
code for slow slip event modeling written by Im et al. (2020), performed the slow slip event

modeling, interpreted the data, prepared all the figures, wrote and revised the manuscript.

A. Hiipers, M. Ikari and A. Kopf contributed to the interpretations and revised the manuscript.
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Abstract

Pore fluid pressure is a critical parameter controlling the dynamics of subduction zones and related
geological hazards, but quantitative constraints on pore pressure are sparse. Here we provide robust
estimates of pore pressure in the shallow Nankai Trough subduction zone based on consolidation
experiments and numerical models. Our experimental data reveal excess pore pressures with nearly
constant ratios of pore pressure to lithostatic stress for the accreted and underthrust sediments,
implying the décollement is not a fluid barrier as previously inferred. Also, our research suggests
repeated lithostatic pore pressure transients in the last 3 kyrs, probably associated with the
propagation of the frontal thrust. The coupled pore pressure dissipation and chemical transport
model results let us conclude the updip migration fluid originates from an overpressured horizon
nearby, confirming the view of a heterogeneous plate boundary with overpressured and permeable
patches along the fault surface that shift in time and space. The resulting high excess pore pressure
leads to the shear strength of Nankai subduction thrust as low as 0.4-0.8 MPa. This provides
quantitative constraints on the weakness of subduction thrusts at the toe of accretionary prisms and
may explain why seismic slip can propagate all the way to the trench in some earthquakes (e.g.
2011 Tohoku event).

2.1 Introduction

Recent subduction earthquakes such as the My 9.2 2004 Sumatra-Andaman (Ammon et al., 2005)
and My, 9.1 2011 Tohoku events (Fujii et al., 2011) triggered devastating tsunamis through large
seafloor displacement caused by coseismic slip extending to the trench. The shallow slip
challenges the prevailing model of plate boundary interface behavior in which the outer subduction
thrust system behaves aseismically and any seaward rupture propagation should cease in velocity-
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strengthening unconsolidated sediments (e.g., Moore & Saffer, 2001; Wang & He, 2008). Recent
laboratory friction experiments show that propagation of earthquakes through these zones seems
energetically favorable when the sediments are at low effective normal stress conditions (Faulkner
et al., 2011). Therefore, pore fluid pressure plays a crucial role for fault mechanical behavior
because it governs the effective normal stress and thus the absolute fault strength (e.g., Scholz,
1998; Kitajima & Saffer, 2012), as well as the nature of fault slip (e.g., Kodaira et al., 2004; Liu
& Rice, 2007; Saffer & Tobin, 2011).

The presence of pore fluid pressure in excess of hydrostatic in shallow subduction zones has been
inferred from the porosity profile of sediments having entered the subduction system (e.g., Moore
& Vrolijk, 1992). Underthrust sediments show higher porosity than expected, which has been
interpreted as an indicator of elevated pore pressure inherited from rapid vertical loading by the
overriding wedge as well as inhibited drainage across the subduction thrust (e.g., Moore et al.,
2001; Gamage & Screaton, 2006). In accreted sediments better drainage and additional tectonic
compaction are supposed to cause lower porosities in comparison to reference sites outside the
subduction system. The change of stress field compared to the references seaward of the
accretionary prism, however, complicates pore pressure estimation. Most existing pore pressure
studies circumnavigate this problem by calculating fluid sources from an assumed porosity field
for the accreted sediments that in turn drive pore pressure in fluid flow models (e.g., Screaton et
al., 1990; Bekins & Dreiss, 1992; Saffer & Bekins, 1998). In a recent study, Flemings and Saffer
(2018) proposed a generalized porosity-based approach to predict pore pressure in accreted
sediments by combining a critical state soil model and the knowledge of stress path of sediments
entering an accretionary prism. This method takes the porosity loss driven by shear stress into
consideration and provides a more constitutive relationship between porosity and stress. All these
previous approaches have been used with success to understand the overall time-averaged pore
pressure pattern in subduction zones. But they provide only limited insight into detailed pore
pressure transients because of assumed priori stress states and porosity fields. The need for a better
understanding of transient pore pressure becomes apparent by the discrepancy between predicted
near lithostatic pore pressure and moderate excess pore pressure measured in sealed ocean drilling
boreholes along the shallow plate interface of subduction zones (also called décollement). For
example, pore pressure in Barbados accretionary complex is only one-third of the lithostatic stress
(Becker et al., 1997).

Here, we focus on the Nankai Trough subduction zone where five My~8 earthquakes in the last
four centuries caused tsunamis (Ando, 1975). Numerous studies have investigated excess pore
pressure in the shallow portion, but were either based on geophysical data (Bangs et al., 2004;
Tsuji et al., 2008), time-averaged fluid flow models (e.g., Saffer & Bekins, 1998) or
hydrogeological models focusing on the underthrust sequence (Screaton et al., 2002; Skarbek &
Saffer, 2009). In a recent study, Park et al. (2014) showed a large portion of the shallow
décollement in the Nankai Trough is characterized by impedance-decreases (Figure 2-1). They
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explained the decreasing acoustic impedance with (1) a high-impedance accretionary prism versus
a low-impedance underthrust section or (2) increase of pore pressure within the fault zone, which
causes decreases of seismic velocity and thus reversal of acoustic impedance across the fault, as
discovered in the Oregon accretionary prism (Tobin et al., 1994; Moore et al., 1995).
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Figure 2-1. Geological setting of the study area and seismic section at the toe of the Nankai Trough
accretionary prism off Muroto. (a) The locations of Nankai Trough and ODP/IODP drill sites after
Heuer et al. (2017). Figure made with GeoMapApp (www.geomapapp.org; Ryan et al., 2009).
Solid dots mark ODP Sites 808, 1173 and 1174, as well as IODP Sites C0011 and C0023. Thick
blue bars mark décollements with reverse polarity reflections and red bars mark décollements with

15



normal polarity reflections after Park et al. (2014). Insets: The location of seismic line 332 after
Heuer et al. (2017) and tectonic background of the Nankai Trough after Moore et al. (2001). (b)
Pre-stack depth migrated 2D seismic section of Inline 332 in the area of Site C0023 after Heuer et
al. (2017). Solid reverse triangles mark the position of Site C0023 and projected positions of Sites
808 and 1174. The dashed line marks the proto thrust zone.

To test if the shallow plate boundary in the Nankai Trough is overpressured, we collected samples
at the top of the major reverse fault zone and conducted a multi-methodological approach, which
takes into account the stress state of the incoming sediment, its stress path during burial and the
timing of pore pressure build up. In addition to samples close to the décollement, we also sampled
accreted and underthrust sediments to characterize the pore pressure regime in the whole sediment
succession. For the pore pressure estimates, we conducted uniaxial consolidation experiments,
which is a widely and successfully utilized method to derive in situ pore pressures (e.g., Saffer,
2003, 2007). The analysis of the data accounts for the compressive strengthening from secondary
consolidation (creep) and diagenesis observed in the incoming sediments and the change of stress
field in the prism sediments. We compared the inferred pore pressure estimates with those
predicted from the recently developed critical state soil mechanics model by Flemings and Saffer
(2018). Through a one-dimensional coupled pore pressure dissipation and chemical transport
model, we also addressed the transient nature of pore pressure build up along the shallow
décollement and constrained the timing of the fault activities.

2.2 Geological Setting

The central Nankai Trough subduction zone forearc, where the Philippine Sea plate is subducting
to the northwest beneath the Eurasian plate (Figure 2-1), has been recently sampled at Site C0023
by the International Ocean Discovery Program (IODP) Expedition 370. The drill site is located on
the frontal accretionary prism off Cape Muroto, ~2 km landward of the trench, and was established
to investigate the limits of life in the deep subseafloor biosphere (Heuer et al., 2017). The sediment
succession of Site C0023 is divided into 4 main lithostratigraphic units and consists of sediments
offscraped from the Philippine Sea plate (Heuer et al., 2017). The lithostratigraphy is similar to
that of nearby Ocean Drilling Program (ODP) Sites 1174 and 808, with a ~38 m thick décollement
(Figure 2-2) located between 758 and 796 mbsf (meters below seafloor) in bioturbated hemipelagic
mudstones of the Lower Shikoku Basin facies (Heuer et al., 2017).

Shipboard measured porosity and pore water geochemistry at Site C0023 (Figure 2-2) provide
qualitative evidence for excess pore pressure and active fluid flow. According to the prevailing
model of the shallow subduction zone hydrogeology, the porosity offset to higher values across
the décollement is supposed to reflect high excess pore pressure in low permeable clay-rich
underthrust sequence from rapid loading and inhibited fluid expulsion across the subduction thrust
(e.g., Bray & Karig, 1988; Moore et al., 2001; Gamage & Screaton, 2006). The general chloride
profile is similar to that of ODP Sites 1174 and 808 with a broad low-chloride anomaly, reflecting
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fluid freshening by in situ clay dehydration and possibly an additional contribution of freshened
fluids by updip migration (Saffer & Bekins, 1998; Saffer & McKiernan, 2009). A clear deviation

from the general decreasing trend to lower CI values between 600 and 780 mbsf at Site C0023 is
indicative for a recent influx event of low Cl fluids and supports the proposed lateral migration of
fluids formed by clay mineral dehydration at greater depth (Saffer & Bekins, 1998). In situ clay
dehydration as an alternative explanation can be excluded because no significant increase in clay
content is observed in the horizon (Heuer et al., 2017).
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Figure 2-2. Lithostratigraphy (a), porosity (b) and chlorinity (c) profiles of IODP Site C0023 after
Heuer et al. (2017). 1IB: Outer trench-wedge facies, consisting of turbidite-deposited mudstones
and thin sand beds; IIC: Trench-to-basin transitional facies, including turbidite-deposited and
bioturbated mudstones, siltstones, and volcanic tuffs; III: Upper Shikoku Basin facies, mainly
containing hemipelagic mudstones except <8% tuffs and tuffaceous sedimentary rocks; IV: Lower
Shikoku Basin facies, composed of volcaniclast-bearing and heavily bioturbated hemipelagic

mudstones.
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2.3 Materials and Methods

2.3.1 Materials and Experimental Estimates of Pore Pressure

2.3.1.1 Theory of Consolidation Experiment and Sample Materials

Consolidation is the gradual volume reduction of fully saturated sediments with increasing
effective stress (Terzaghi, 1943; Knappett & Craig, 2012). The consolidation characteristics of
sediments can be assessed through an uniaxial consolidation experiment, e.g., the incremental
loading oedometer test, the constant rate of strain loading test, and the one-dimensional
consolidation test in a triaxial apparatus. For the incremental loading oedometer test, the specimen
is held inside a confining ring and lies between two porous stones (Figure 2-3a). A loading cap sits
on the upper porous stone and passes the applied load onto the specimen. The whole assembly is
placed into an oedometer cell, which is filled with water and allows the water inside the specimen
to drain out. With the increase of the applied load, the specimen is compressed, leading to the
upper porous stone and loading cap moving down. The resulting displacement is recorded by a
linear variable displacement transducer (LVDT). Because the confining ring prevents the specimen
from lateral deformation, the strain is uniaxial and can be calculated by the vertical displacement.
On the semi-logarithmic stress-strain plot, a yield point which separates the elastic from elasto-
plastic deformation behavior can be identified (Figure 2-3b). This yield point is commonly
regarded as the maximum vertical effective stress that the sediment has sustained and is termed
preconsolidation stress o, (e.g., Casagrande, 1936). The sediment is said to be normally

consolidated when the in situ vertical effective stress ( o, ) equals o, while it is called
overconsolidated if o is larger than o, (e.g., Knappett & Craig, 2012). For sediments that have
only experienced uniaxial consolidation ( K, consolidation) and no unloading ever happened, a;n,

is commonly interpreted as o, (Saffer, 2003). Hence assuming a;m is equal to o, , the pore

pressure P can be computed based on Terzaghi's effective stress theory:
Pzav—a},c (2-1)

where o is the lithostatic stress calculated by shipboard measured bulk density data (e.g., Dugan
& Germaine, 2008).
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Figure 2-3. Schematic illustration of oedometer apparatus (a) and idealized compression behavior
during oedometer tests showing preconsolidation stress (b).

For this study, a total of 11 specimens sampled from 450 to 1022 mbsf at Site C0023 (Table S2-1)
were tested by incremental loading consolidation experiments following ASTM D2435/D2435M-
11 (ASTM International, 2011). In order to maintain the natural water content, all samples were
sealed and stored in the core liner at 4 °C before testing. The specimens were trimmed into
cylinders with a diameter of 25.4 mm and a height of ~10 mm and were kept saturated in a fixed
ring oedometer using an artificial seawater brine (35%o). The inner surface of the confining ring
was highly polished and coated with silicone grease to minimize the effects of friction between
the specimen and confining ring. In order to avoid intrusion of sediments into the pores of the
porous stone, filter screens were placed between the specimen and the porous stones. During our
consolidation experiments, we firstly doubled the load and then used small increments in the

vicinity of o, so that the transition between the recompression and virgin compression lines could
be determined with more precision (e.g., Brumund et al., 1976). Although o, was unknown

before the experiments, we utilized hydrostatic vertical effective stress (o, ) which was calculated
by subtracting hydrostatic pore pressure from & as a reference. For each load, a constant load

increment duration of 24 h was performed to allow complete dissipation of excess pore pressure.
Vertical load and sample height were continuously recorded throughout the experiments.

In this study, we determined a;m using a modification of the widely used Casagrande method

(Casagrande, 1936; McNulty et al., 1978). However, due to the scale dependence of 0;78 by
graphical construction (Clementino, 2005), we also used the Pacheco Silva method (1970) to

estimate O';yc for comparison since it requires only modest subjective interpretation (Grozic et al.,
2005). Moreover, we determined the confident range of O';,C by estimating the maximum and

minimum possible 0, values. The maximum O, was acquired from effective stress on the

19



stress-strain plot at which the strain begins to deviate from the virgin compression line (e.g., Saffer,

2003). Similarly, the minimum O';,C can be given by the first point deviating from the

recompression line. However, this method produces over-conservative estimates of minimum o,
because the starting stress of transition from recompression to virgin compression is significantly
lower than 0, . For example, Jacobsen (1992) proposed 0,, =2.50,, where o, is the point with

maximum curvature in Casagrande method and also larger than the starting stress of transition
from recompression to virgin compression. Therefore, we plotted our consolidation data with the
work-stress method (Becker et al., 1987) and extrapolated post-yield line (corresponding to virgin
compression line in Casagrande method) to zero work. The intersection of zero work line and post-

yield line was interpreted as the minimum O';,c (e.g., Santagata & Germaine, 2002; Dugan &

Germaine, 2008). The estimating procedures for the modified Casagrande method and all
laboratory data are shown in the supplementary material (Text S2-1, Table S2-2 and Figures S2-1
and S2-2) and available in Zhang (2020).

2.3.1.2 Correction for Secondary Consolidation and Diagenesis

Although equation (2-1) was successfully used to infer pore pressure (e.g., Saffer, 2003; Dugan &
Germaine, 2008), it has been recognized that secondary consolidation and diagenesis could shift

O';,C to higher values (e.g., Bjerrum, 1973; Morgan & Ask, 2004). In this study, we accounted for
these effects and corrected O';,L,. The quantitative relation between O';,C and o, is given by the
overconsolidation ratio (OCR):
o,
OCR =—* (2-2)
o

v

For normally consolidated sediments OCR equals unity, whereas for sediments subjected to
unloading, through erosion for example, OCR is larger than unity (e.g., Knappett & Craig, 2012).
OCR > 1 is also possible when secondary consolidation (creep), cementation or thixotropy causes
a strengthening of the sediment (e.g., Bjerrum, 1973; Locat & Lefebvre, 1986). Strictly speaking,
OCR can never be less than one (e.g., Knappett & Craig, 2012). However, many authors replaced

o, by 0, in equation (2-2) to calculate OCR owing to difficulty in obtaining &, and presented

OCR<I (e.g., Saffer, 2003; Kitajima & Saffer, 2014). Here we used the strict definition of OCR
(equation (2-2)).
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Figure 2-4. Profiles of in situ vertical effective stress and preconsolidation stress (a), OCR (b) and
OCD (c¢) in the Nankai Trough. Data are collected from Morgan and Ask (2004), Bellew (2004),
Hiipers and Kopf (2012), Guo and Underwood (2014) and Kitajima and Saffer (2014). OCR

(overconsolidation ratio) = O ;,C /o, ; OCD (overconsolidation difference) = 0 ;,L. — o, . Dashed line

marks the depth where an obvious increase in the measured percentages of illite in illite/smectite
mixed-layer clays is observed (Steurer & Underwood, 2003), which may strengthen the sediment.
Note that the preconsolidation stress generally increases linearly with depth except for the two data
points from Site 808 which are obviously underestimated.

Previous consolidation tests on sediments from reference Sites 1173 and CO0011 and the
underthrust section of Sites 808 and 1174 (Morgan & Ask, 2004; Bellew, 2004; Hiipers & Kopf,
2012; Guo & Underwood, 2014; Kitajima & Saffer, 2014) have revealed OCR values mainly

ranging from 1.2 to 2.3 in the Nankai Trough (Figure 2-4 and Table S2-3). The o, values at

reference Sites 1173 and C0011 were inferred from o,, since low sedimentation rates prevented

pore pressure in excess of hydrostatic (e.g., Screaton et al., 2002; Kitajima & Saffer, 2014),

whereas at Sites 808 and 1174, o, was estimated by inversion of porosity data using a solid

porosity versus effective stress relationship (e.g., Screaton et al., 2002; Morgan & Ask, 2004).
Both secondary consolidation and diagenesis have been invoked to explain the OCRs >1 (Hiipers
& Kopf, 2009; Morgan & Ask, 2004). Secondary consolidation results in continuous settlement
under constant effective stress, which enhances the stiffness of sediments (Karig & Ask, 2003)
and shifts the yield point in consolidation test to higher effective stress (Figure 2-5). For sediments
subject to diagenesis e.g. cementation, the intergranular bonding strengthens the sediment matrix
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and further increases O ;,C (Morgan & Ask, 2004). In contrast, overconsolidation driven by lateral

tectonic force is negligible because the underthrust section in subduction zones and reference sites
are widely considered to deform in uniaxial compression (e.g., Skarbek & Saffer, 2009; Screaton
et al., 2002). To investigate the mechanism for the strength evolution with increasing burial, Perret
et al. (1995) compiled a set of parameters with idealized subseafloor profiles. In addition to OCR,

they used o, and O';JC profiles as well as the overconsolidation difference (OCD) which is defined
as OCD = 0;78 — o, (Olsen et al., 1986). According to those authors, secondary consolidation

leads to a constant OCR with depth, while O':m.

and OCD increase linearly versus depth with
gradients higher than those for normally consolidated sediment. We note that the Nankai inputs
generally have similar character to this pattern with an average OCR of 1.76, although the data
show a considerable scatter. The latter can be explained by the formation and breakdown of
structural links built by cementation, which have been observed by previous studies (e.g., Steurer
& Underwood, 2003; Hiipers et al., 2015; Sample et al., 2017). The slight increase of OCR with
depth may also be related to the progressive diagenesis at greater depth (Morgan & Ask, 2004).

A

Strain

A\ J

log(Effective stress)

Figure 2-5. Schematic plot of elevated preconsolidation stress by secondary consolidation (creep)
and diagenesis. The black point represents the in situ vertical effective stress. The blue and red
points represent the elevated preconsolidation stress caused by secondary consolidation and
diagenesis, respectively.

Our assessment of the available preconsolidation stresses for the Nankai inputs shows that the
assumption of normally consolidated sediments does not apply (Figure 2-4). Secondary
consolidation and diagenesis have shifted the yield point in consolidation tests to higher stresses,
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which has to be addressed in the calculation of pore pressure from O';JC. We therefore modified

equation (2-1) to account for the increase in O ;)C by employing equation (2-2) to calculate o, :

.
P=c,-—L (2-3)
OCR

Because a solid relationship between OCR and depth is absent, we divided the Muroto transect
into two sections. The boundary between the two sections was set at 800 mbsf where an obvious
increase is observed in the measured percentages of illite in illite/smectite mixed-layer clays
(Steurer & Underwood, 2003). The growth of authigenic illite (e.g., Morgan & Ask, 2004) and
possible precipitation of quartz (e.g., Thyberg & Jahren, 2011) during enhanced smectite-to-illite
transformation are expected to strengthen the sediment. Therefore an average OCR of 1.54 from
reference Site 1173 at similar depth (Morgan & Ask, 2004; Bellew, 2004) was used for the upper
section, whereas for the lower section an higher average OCR of 2.14 was utilized based on
subducted samples from nearby Sites 1174 and 808 (Morgan & Ask, 2004). To understand the
effects of OCR values on pore pressure estimates, we calculated the error bar by employing a
minimum and maximum OCR value for both upper and lower sections, respectively. Due to the
complexity of OCR values, the minimum and maximum OCR (1.25 and 2.12) were determined at
values covering 90% of all published data for the upper section (Figure 2-4b). However only
several published data were available in the lower section so that we used the minimum and
maximum OCR values (1.75 and 2.65) directly for the lower section.

2.3.1.3 Correction for Stress Field

For the analysis of the samples from the accreted section, an additional correction is required
because the lateral tectonic force changes the in situ triaxial stress state in the accretionary prism
(e.g., Moran et al., 1993; Moore & Tobin, 1997; Tsuji et al., 2008). As a result the maximum
principal stress has probably a horizontal orientation and the overburden corresponds to the

minimum principal stress (Figure 2-6), which would lead to an underestimation of the pore
pressure. To overcome this problem, Moore and Tobin (1997) directly interpreted O';,c as the
horizontal maximum principal effective stress in the prism. In contrast, building on the observation
that porosity loss is caused by the mean effective stress increase (Figure 2-6), we calculated the

mean effective stress at yield point using G;C. Because the consolidation test is widely regarded

as K, consolidation and has a constant stress ratio ( K, ) of horizontal to vertical effective stress,

the mean effective stress can be estimated by:

o, 1+2K,

pc

O =
" OCR 3

(2-4)
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where 0, is the mean effective stress at the yield point. If we assume the intermediate principal

effective stress equals the minor principal effective stress in accretionary prism, the in situ mean

effective stress can be calculated by:

] _6;.1+2Km (2-5)
3Kin

where o, is the in situ mean effective stress and K, is the in situ stress ratio of minor to

n

maximum principal effective stress. Assuming the mean effective stress at the yield point in the

consolidation tests (7, ) is equal to the in situ mean effective stress in accretionary prism ( o, ),

mpc

the following expression is obtained when o, is replaced by o, — P

142K, 0, 1+2K,
3K, OCR 3

12

(2-6)

(o, = P)

Then the pore pressure in accretionary prism is estimated by transforming equation (2-6) into:

peo  On K,(+2K)

v (2_7)
OCR 142K,

Pressure Pressure or porosity
> 7 >

Accreted / Accreted
sediments

sediments

Depth(mbsf)
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\/
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Figure 2-6. Conceptual profiles of pressures and porosity in the shallow subduction zones. Pore
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pressure (P) profile is based on the results of this research and may differ in different subduction

zones. Pyy: hydrostatic pore pressure; o, : horizontal stress; o, : mean total stress.

In our calculations, we used a K, = 0.81 for consolidation tests (Morgan & Ask, 2004) and K,

= 0.5 for in situ conditions (Moran et al., 1993) that were experimentally determined for

accretionary prism samples from Sites 1174 and 808, respectively. Both K, =0.81 and K, = 0.5

are similar to the calculated stress ratios ( K, = 0.90, K, = 0.59) based on the numerical model

by Flemings and Saffer (2018) using a sediment friction angle of 15° (Casey et al., 2016). To
evaluate the effect of stress ratios on pore pressure estimates, we also calculated the maximum and

minimum K, and K, values with a sediment friction angle of 5°-30° after Flemings and Saffer

(2018) by the numerical model. Stress ratios of K, =0.64-0.99 and K, = 0.33-0.84 were used to

quantify the uncertainty of estimated pore pressures.

2.3.2 Numerical Estimates of Pore Pressure

To get a continuous insight into pore pressure variations at Site C0023, we compared our results
with a recently developed method for pore pressure prediction by Flemings and Saffer (2018). In
contrast to previous approaches, this method is built on the Modified Cam Clay (MCC) critical
state model under plane stain conditions (Roscoe & Burland, 1968) and allows also the prediction
of pore pressure in the prism sediments.

The method contains two models for the accreting sediments: an intact sediment model and a weak
fault model. Both models postulate that the maximum principal stress is horizontal whereas the
minimum principal stress is vertical. The intact sediment model further assumes the accretionary
prism is in a state of Coulomb failure and the stress state is fully controlled by the material’s
inherent properties, i.e., sediment friction angle and the porosity-mean effective stress relationship.
Based on critical state soil mechanics, the pore pressure can be estimated by:

€z —Cin

P=0,-(l-sing)-e * (2-8)
where @ is the friction angle of sediment material, e is Euler’s number, e, is void ratio, 4 is

the slope on the In(c,) - e, plot for accreting sediments at Coulomb failure, and e,, is the

intercept at o, = 1 MPa (see Flemings and Saffer (2018) for details). In contrast, the weak fault

model hypotheses that the stress state is affected by the properties of faults such that the
accretionary prism reaches Coulomb failure in advance due to preexisting weak faults or is not at
Coulomb failure (Flemings & Saffer, 2018). Therefore, the friction angle of weak faults is
introduced in the weak fault model and the pore pressure can be predicted by:
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P=0,—(l-sing, )-e * (2-9)

where ¢, is the friction angle of weak fault, e, - is the intercept at o, =1 MPaonthe In(c,)-

e, plot for weak faults at Coulomb failure.

For the underthrust section, the method assumes the sediment is in a state of K, consolidation and

it is converted into the widely used empirical logarithmic equation to calculate vertical effective
stress by porosity (e.g., Skarbek & Saffer, 2009). The prediction equation with soil mechanic
meaning is expressed as:

e —e,
AKo " Cin

. A
pog -2¢ "
I+K,

(2-10)

where ¢, is the intercept at o,, = 1 MPa on the In(c,,)-e,, plot for underthrust sediments at

K, consolidation state.

Assuming the elastic deformation is negligible, the yield surface in mean effective stress-
maximum shear stress space represents the iso-void ratio stress path (Wood, 1990), which makes
the stress variation predictable when the sediment deforms under undrained condition. The MCC

critical state model shows how to derive the In(o,,)-e,, relationship at any stress state when that
at one specific state is known (e.g., Azizi, 2000). In our calculations, we considered ¢,, = 1.16
and A = 0.463 inferred from reference Site 1173 by Flemings and Saffer (2018) as known

parameters. A sediment friction angle of 15° (Casey et al., 2016) and a weak fault friction angle

of 5° (Flemings & Saffer, 2018) were used to derive K, ¢,,, and ¢, (see Flemings and Saffer

(2018) for details). By transforming the shipboard porosity data at Site C0023 (Figure 2-2b) to
void ratio, the pore pressure profile was obtained.

2.3.3 Coupled Pore Pressure Dissipation and Chemical Transport Model

A vertical one-dimensional coupled pore pressure dissipation and chemical transport model was
established to constrain the pore pressure estimates along the major reverse faults. Specifically,
we tested the hypothesis if the obtained pore pressure profile was affected by lateral fluid flow as

indicated by the observed CI anomaly between 600 and 780 mbsf.

A constant pore pressure gradient equivalent to the averaged pore pressure ratio (4, = P/o,) of
0.71 as described in section 4.1 was assigned to the model as initial pore pressure profile. For the

initial Cl concentration, the general decreasing trend (Figure 2-2¢) was assigned. Based on the
fault-valve model (Sibson et al., 1988; Sibson, 1990), the fault permeability increases immediately
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after fault activity due to the inherent roughness of natural rupture surfaces, which leads to the
updip migration of overpressured fluids. The high pore pressure along faults, in turn, further
enhances and maintains the fault permeability through reducing the effective stress (e.g., Fisher &
Zwart, 1997). Under sufficient fluid source condition, the discharged fluids can be compensated
by releasing fluid from the source and high pore pressure can exist for long periods of geologic
time (Bredehoeft, 2009). In the Muroto transect, active smectite-to-illite transformation (Steurer
& Underwood, 2003) in the downdip direction provides a potential fluid source for the
maintenance of high pore pressure. Hence, we induced the duration of transience into our model,
which represents the timescale of transient lateral fluid flow and was simulated by maintaining the
lithostatic conditions over an extended period before we allowed pore pressure to dissipate.
Modeling results have shown that pore pressures along the fault can rise rapidly to near lithostatic
value (e.g., Bekins et al., 1995; Saffer & Bekins, 1998). We therefore simulated the transient lateral

fluid flow by increasing pore pressures along faults to lithostatic and decreasing CI concentrations
to certain low values. However, this does not mean the lithostatic pore pressure exists throughout
the subduction thrust since the fault zone is heterogeneous (Brown et al., 1994). Four temporarily

active fault zones were assigned in our model because (1) we observed 4 low Cl concentration
spikes in chlorinity profile, and (2) several reverse faults and shear fractures were found around

each low C1 concentration spike. The timing of the fault activities was assigned separately based
on the width of the spikes, given that older fault activity has more time to allow advection and
diffusion of solutes and thus has wider spikes (e.g., Saffer & Bekins, 1998). When the transient
lateral fluid flow ceases, the lithostatic pore pressure along faults starts to dissipate. We used the

concentration profile of the inert Cl to constrain the pore pressure dissipation, given that the
vertical fluid flow away from the fault zone drives the advection of solutes. Constant pore pressures

and Cl concentrations were specified for both the top and bottom boundaries of this model under
the assumption that transient fluid flow can only affect limited horizons within the timescale
covered by the model due to low permeability.

The pore pressure dissipation is quantified by the differential equation of consolidation (Terzaghi,
1943):

o o°P

=0 (2-11)

where 7 is time, ¢, is the coefficient of consolidation, and z is depth. We used a ¢, = 0.0008 cm?/s
for outer trench-wedge and trench-to-basin transitional facies, ¢, = 0.0028 cm?/s for Upper
Shikoku Basin facies, ¢, = 0.0032 cm?/s for faulting sediments of Lower Shikoku Basin facies and

¢, = 0.0007 cm?/s for underthrust sediments of Lower Shikoku Basin facies, calculated from our

experimental data.
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For the variation of Cl concentration in a water-saturated one-dimensional sediment column, we
used the following differential equation (Boudreau, 1997):

2
o _poc. ,.oC 2-12)
ot Oz Oz

where C is interstitial solute concentration i.e. Cl concentration, D is the effective chemical
diffusion coefficient, and v is velocity. D is determined by D =Dg/(1-log(n?)) (Boudreau, 1997),
where Dy is estimated after Boudreau (1997) using the temperature profile reported for Site C0023
in Heuer et al. (2017) and the porosity, 7, is based on a robust polynomial regression of the porosity
profile (n = -5.776x107%-2° + 1.539x107!'-z* —1.410x108-2> + 4.997x10%-22 —6.595x10%:z +
0.485, adjusted R’ = 0.98). The velocity, v, is given by Darcy’s law:

V== i : G_P (2-13)

nn oz

where k is vertical permeability, computed by porosity based on the empirical equation (i.e.,
log(k)=-20 + 5.5 n) by Saffer and Bekins (1998) and 77, is the temperature dependent viscosity of

pore water after Huyakorn and Pinder (1978). The porosity and permeability profiles were
assumed constant in our model because of the limited time interval of 3 kyr covered by the model
(section 4). We further neglected porosity rebound during transient unloading because of the small
porosity change associated with it (e.g., Nobes et al., 1991). Also, the constant vertical
permeability is consistent with the view that lateral fractures only affect horizontal permeability
(Saffer, 2015).

Previous studies showed that the duration of transient lateral fluid flow varies from several years
(e.g., Hiramatsu et al., 2005) to thousands of years (e.g., Henry, 2000; Howald et al., 2015), we
therefore conducted sensitivity analysis using a duration of 10-1000 years for the transient lateral
fluid flow. Meanwhile, we also tested an influx fluid with CI concentrations from 350 to 430 mM.
The best parameters which predict our experimental pore pressure estimates were determined and
constraints on the timing of the fault activities were acquired by matching the modeled results to
the observed data after a certain time step.

2.4 Results

2.4.1 Experimental Results and Numerical Pore Pressure Estimates

The compression index, Cc, and recompression index, Cr, are the slopes of the virgin elasto-plastic
compression and elastic recompression lines on the logarithmic mean effective stress versus void
ratio plot (Knappett & Craig, 2012). Our consolidation tests yielded Cc and Cr values mainly in
the range of 0.11-0.34 and 0.01-0.03, respectively.
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In this study, the modified Casagrande method (McNulty et al., 1978) and Pacheco Silva method
(1970) produced similar pore pressure estimates. The pore pressure difference between these two
methods is lower than 0.7 MPa and the maximum difference as a percentage is 5.6% (Figure 2-
7¢). For the convenience of comparison with other studies, only results by the modified
Casagrande method are described.

The consolidation tests conducted on 4 accreted sediment samples from Upper Shikoku Basin
facies to outer trench-wedge facies (Unit III to IIB) yielded pore pressure in excess of hydrostatic
(Figure 2-7c). The experimentally determined excess pore pressure varies from 1.3 MPa at 491
mbsf to 2.3 MPa at 568 mbsf. The pore pressures increase linearly with depth with a slope larger
than hydrostatic, which corresponds to a narrow pore pressure ratio range of 0.69-0.76 (Figure 2-
7d). In comparison, our numerical approaches predict similar pore pressures for the weak fault
model, whereas in the absence of weak faults, the intact sediment model results in higher pore
pressure ratios (A, =0.71-0.85).

Reverse faults and

shear fractures (counts) Pressure (MPa) Ap Chlorinity (mM)
Stratigraphy 0 3 6 91215 4 9 14 19 2404 06 08 1350 400 450 500 550 600
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Figure 2-7. Lithostratigraphy (a), number of reverse faults and shear fractures (b), pore pressure
estimates (c), estimated pore pressure ratio 4, (d) and modelled chlorinity profiles (e) of IODP
Site C0023. Number of reverse faults and shear fractures is from Heuer et al. (2017). The
experimental pore pressure estimates in the major reverse fault zones did not account for secondary
consolidation and diagenesis and were calculated by equation (2-7) with OCR = 1. CI transport
modeling fits the laboratory data best when assuming a duration of 100 years for transient lateral
fluid flow and influx of a low Cl (400 mM) fluid along faults at 3.0 kyrs, 2.0 kyrs, 1.0 kyrs and
0.5 kyrs before present, respectively. Note that the model does not predict the long-term evolution
of the pore pressure profile.
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For the underthrust sequence, the experimental data also revealed pore pressure in excess of
hydrostatic (Figure 2-7¢). A total of 5 samples were tested for the subducted Lower Shikoku Basin
facies with excess pore pressures ranging from 3.4 MPa to 4.2 MPa between 843 mbsf and 1022
mbsf. The pore pressure ratios are in range of 0.71-0.75 (Figure 2-7d). Although the excess pore
pressures for subducted sediments are higher than those for the accreted section, their
corresponding pore pressures follow the same increasing trend with depth. Again, our modeling
results show good agreement with the experimental data.

Further, our experimental results indicated high excess pore pressures of 5.7 MPa and 5.0 MPa for
the samples from 714 and 721 mbsf, respectively (Figure 2-7¢). These values correspond to pore
pressures supporting 95% and 89% of the overburden stress. The depth of the high excess pore

pressures coincides with that of low Cl anomalies and the upper boundary of a depth interval with
enhanced number of reverse faults and shear fractures (Figure 2-7b).

2.4.2 Coupled Pore Pressure Dissipation and Chemical Transport Model

Sensitivity analysis for our coupled pore pressure dissipation and chemical transport model shows
that the maintenance of excess pore pressure is sensitive to the duration of transient lateral fluid
flow (Figure S2-3). Lithostatic pore pressure dissipates quickly when using a duration of 10 years,
but can be nearly maintained for several thousand years if a duration of 1000 years is employed.
Along the major reverse faults, a duration of 10 years generates obviously lower pore pressure
estimates compared to experimental data, while the duration of 1000 years yields obviously larger
values. Only the modeled pore pressure from a duration of 100 years best fits the experimental
data.

In contrast, the CI concentration profile is controlled by both the duration of transient lateral fluid
flow and the Cl concentration of influx fluids (Figure S2-3). A longer duration of transience

generates more freshened fluid for the same Cl concentration, whereas a higher CI' concentration
of influx fluids leads to less freshened water for the same duration of transience. For a duration of

10 years, the modeled Cl concentrations are overall larger than the measured values. On the
contrary, a duration of 1000 years predicts obviously lower values than the observed CI
concentrations. The modeled Cl concentrations using a duration of 100 years are generally
consistent with the measured values and reach best fit when a moderately freshened fluid with CI
concentration = 400 mM is used.

In addition, the modeling results show that the assigned multiple fault zones with different timing
of activity match the observable amplitudes of the Cl concentration peaks (Figure 2-7¢). Our

model predicts both the experimental pore pressure estimates and the Cl concentration profile best
when assuming (1) four separate fault zones which were active between 3 kyr and 0.5 kyr before
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present, (2) lithostatic pore pressure is maintained for 100 years before we allow pore pressure to

dissipate, and (3) a moderately freshened fluid with Cl concentration = 400 mM (Figure S2-3).
2.5 Discussion

2.5.1 Comparison with Previous Pore Pressure Estimates

Here, we provide new estimates for the excess pore pressure at the seaward edge of the Nankai
Trough accretionary prism offshore Muroto peninsula based on a combination of uniaxial
consolidation tests and numerical modeling. In contrast to many previous studies focusing on the
underthrust sequence, we report on pore pressure in both the accreted and the underthrust
sediments with regard to the consolidation state and stress path. The Cc and Cr values generated
in our experiments are consistent with previous results of 0.32+0.15 and 0.03+0.02 for the
sediments at the Muroto transect (Feeser et al., 1993; Bellew, 2004; Morgan & Ask, 2004), which
might be a good hint for the quality of our experiments. Our experimental estimates of pore
pressure are reliable considering the error bar is generally narrow.

Our experimental data reveal an overpressured underthrust sequence with excess pore pressures
ranging from 3.4 MPa to 4.2 MPa (Figure 2-7¢). The pore pressure results are consistent with
previous estimates from uniaxial consolidation experiments using a triaxial cell (Morgan & Ask,
2004), corroborating our correction scheme for secondary consolidation and diagenesis. The
laboratory-based estimates are also in good agreement with our own and other numerical modeling
results that utilized Site 1173 as a normally consolidated reference site (e.g., Screaton et al., 2002;
Skarbek & Saffer, 2009; Hiipers & Kopf, 2009; Tobin & Saffer, 2009). As discussed in section
3.1.2, the porosity profile at Site 1173 reflects the combined effects of primary, secondary
consolidation and diagenesis. Hence, those effects are accounted for in the vertical hydrostatic
effective stress—porosity relationship of the reference site, which produced results similar to those
obtained by our correction scheme. This confirms previous assumptions by Screaton et al. (2002)
that the vertical hydrostatic effective stress—porosity relationship observed at Site 1173 continues
to depths equivalent to those at Sites 1174 and 808.

Our consolidation tests also reveal excess pore pressure in the accreted Upper Shikoku Basin facies
to outer trench-wedge facies (Unit III to IIB). The estimated pore pressures are higher than previous
estimates at Sites 808 and 1174 by Tsuji et al. (2008) based on seismic velocity. Their mean
effective stress—porosity relationship derived from underthrust sediments does not consider the
different stress state for the accreted sediments and causes the underprediction of excess pore
pressure. Our experimentally determined pore pressure ratios meet the theoretical limits for in situ
stress at Site 808 inferred from borehole breakout by Huffman and Saffer (2016). In comparison,
our numerical approaches predict similar pore pressures only for the weak fault model, in which
the strength of the prism sediment is governed by low friction along preexisting faults or the
accretionary prism is not at Coulomb failure. The intact sediment model results in higher pore
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pressure ratios (A, = 0.71-0.85) than in the underthrust sequence (Figure 2-7d). Using the same
numerical approach with friction angles of 5-30°, Flemings and Saffer (2018) obtained similar
values (4, =0.7-0.9) for Sites 1174 and 808 and proposed the excess pore pressure was attributed
to rapid loading by burial and horizontal compression. Although uncertainty may exist in some of
above estimates, all these data are much higher than the fluid overpressures of <0.2 MPa monitored
in a sealed borehole observatory at Site 808 (Sawyer et al., 2008). Flemings and Saffer (2018)
raised the possibility that small leaks in the observatory bleed excess pressure more rapidly than
fluids can be delivered from the surrounding clay-rich wallrock.

2.5.2 Pore Pressure Regime in Shallow Subduction Zones

In general our data is consistent with the view of rapid loading by burial and horizontal
compression causing elevated pore pressure in the shallow low permeable clay-rich subduction
zone sediments (e.g., Moore & Vrolijk, 1992; Saffer & Tobin, 2011). However, our results provide
new insights into pore pressure regime and timing of fluid flow processes in the shallow subduction
zone, although we made some assumptions and simplifications in our calculations and modeling
(section 3).

The experimental results show a continuous pore pressure increase across the accreted and
underthrust sequence with 1, = 0.69-0.76, except for the two samples in the major reverse fault
zone. This does not support previous views that the décollement acts as a fluid flow barrier and
causes excess pore pressure in the underthrust sediments (e.g., Gamage & Screaton, 2006; Saffer
& Tobin, 2011). Although previous studies have reported that fault-normal permeability can be
several orders of magnitude lower than the wall-rock (e.g., Faulkner & Rutter, 1998), neither the
permeability is low enough, nor is the major reverse fault zone sufficiently thick to seal the fluid
pressure according to the theoretical fluid pressure barrier model (Deming, 1994). This is also
corroborated by the measured permeability of sheared sediment samples at Site 1174 (Ikari &
Saffer, 2012), which is 1~2 orders of magnitude higher than the estimated permeability required
for a fluid barrier (Gamage & Screaton, 2006). Therefore, the porosity offset across the shallow
décollement reflects different consolidation processes above and below the décollement, instead
of a fluid barrier. Our experimental work therefore supports the view of Flemings and Saffer (2018)
that the additional porosity loss in the accreted section results from a higher mean effective stress
and shear-induced compaction caused by the tectonic loading.

Our experimental data do not support previous speculations by Flemings and Saffer (2018) that
pore pressure in the accreted section is higher than in the underthrust sediment as predicted by the
intact sediment model (Figure 2-7c). However, if near lithostatic pore fluids dissipate from the
major reverse fault zones, the pore pressure can rise up in the wall rock and exceed our estimates
based on consolidation experiments, as shown in our coupled pore pressure dissipation and
chemical transport model (Figure 2-7¢). Therefore, our experimental estimates represent the lower
bound of in situ pore pressure. On the contrary, the intact sediment model may predict the upper
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bound because it assumes constant friction angle and compressibility (4 ). Recent studies have
shown that the friction angle (Casey et al., 2016) and compressibility (Casey, 2014) decrease with
increasing stress. These two overestimated values at high stress will lead to overestimation of pore
pressure. The weak fault model shows a good agreement with experimental data, hinting that the
stress state in the prism might be controlled by the presence of preexisting weak faults or that the
accreted intact sediment is not at Coulomb failure (Huffman & Saffer, 2016; Flemings & Safter,
2018). An outer prism not in Coulomb failure would also be consistent with the dynamic Coulomb
wedge theory that predicts stress relaxation of the prism in the post-seismic interval in which the
sediment is brought back to a stable elastic regime (Wang & Hu, 2006).

2.5.3 Near Lithostatic Pore Pressure along Décollement

For the top of the major reverse fault zone at 714 and 721 mbsf, near lithostatic pore pressure is
revealed from the experimental tests, which we relate to fault activity as discussed in section 3.3.
However, unloading by transient lithostatic pore pressure should not be reflected in the pore
pressure estimates by consolidation tests. We speculate that the disturbance from deformation in
the major reverse fault zone destroys the fabric of sediment and causes memory loss of past
maximum effective stress. This speculation is supported by the optical microscopic observation
from Maltman et al. (1993) that intense fabric reorientation is visible in the shear zone at Site 808.
Furthermore, these authors also observed hydraulically fragmented breccia at 788 mbsf, which
provides evidence that lithostatic pore pressure ever occurred in this horizon. If the hydraulic
brecciation is present in the major reverse fault zone at Site C0023, the fabric of sediment might
be further destroyed. With the most conservative estimation of excess pore pressures without any
correction for secondary consolidation and diagenesis (i.e., using Equation (2-7) with OCR = 1),
excess pore pressures of 4.2 and 5.4 MPa are still higher than that of surrounding sediments and
correspond to 84% and 93% of the lithostatic stress, respectively (Figure 2-7c). The high excess

pore pressures are also supported by the low CI anomalies at corresponding depths, which are
common signals for the transient and localized updip migration along a temporarily dilatant fault
in response of lithostatic pore pressure (Bolton et al., 1998; Tobin et al., 2001). In addition, based
on boundary conditions and assumptions described in section 3.3, our coupled pore pressure

dissipation and chemical transport model predicted the observed Cl anomaly (Figure 2-7¢) and
the remaining present pore pressure was similarly high to experimental estimates (Figure 2-7c¢),
which we also see as a prove for the reliability of the fault zone pore pressure estimates. Along the
décollement, the density change during unloading is small (e.g., Nobes et al., 1991), but the high
pore pressure may cause a decrease in the seismic velocity (e.g., Tobin et al., 1994) and lead to a
reverse-polarity of seismic reflections (e.g., Moore et al., 1995). Therefore, our data support that
the impedance-decreasing décollement found by Park et al. (2014) could be at least partially
attributed to the increase of pore pressure within the fault zone. The reflection of décollement in
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the seismic profile (Figure 2-1b) might represent a highly overpressured horizon, which also marks
the migration path of freshened pore fluids.

Further, the coupled pore pressure dissipation and chemical transport model shows that the high
excess pore pressures can be maintained when a duration of 100 years for the transient lateral fluid
flow is employed (Figure S2-3). This duration, in which both the lithostatic pore pressure and low

Cl concentration are maintained at the fault, is similar to the fault sealing rate (70 years) used by
Gratier et al. (2003). Instead, it is considerable shorter than previous estimates for the Nankai
margins of 80 kyrs (Saffer & Bekins, 1999). We explain the difference with the number and the
~100 m wide distribution of the fault strands as well as relatively small excursions assumed to be
attributable to updip fluid migration (Saffer & McKiernan, 2009) in our model. This greatly
reduces the diffusion time compared to previous models (Saffer & Bekins, 1998, 1999) which
attribute all the geochemical anomalies to episodic fluid flow and consider a single thick fault
strand. Also, our results of frequently active fault strands are in line with studies on biomarker
thermal maturity indicators that identified seismic faults in drill cores recovered from the Japan
Trench subduction zone (Rabinowitz et al., 2020). These results show that even fault zones that
have hosted earthquakes with displacement > 10 m ruptured repeatedly during a period of 36 kyrs.

The view of transient fluid flow along the subduction thrust is not at odds with the proposed
continuous pore pressure increase across the accreted and underthrust sequence, because excess
pore pressure along the faults will eventually reduce to the background pore pressure in times of
inactivity. Due to the temporal proximity of the last fault activity, the lithostatic pore pressure may
not have fully dissipated to the background values. Such an overpressure is not captured by
previous laboratory data and any numerical methods applied in this study or previous ones, because
they do not account for porosity change by unloading through transient pore pressure increase.
Based on the best fit of our coupled pore pressure dissipation and chemical transport model, excess
pore pressure could be high in the depth interval between 600 and 780 mbsf.

Setting a constant pore pressure gradient (equivalent to 4, = 0.71) and the general decreasing

trend of chlorinity (Figure 2-2¢) as initial conditions, the best fit of the CI profile in our coupled
pore pressure dissipation and chemical transport model only requires a moderate fluid freshening.

This led us speculate on the fluid source depth. While low Cl values are commonly associated
with deep fluids, typical geochemical signatures for a deep-seated origin, such as elevated B, Li or
CH4 concentrations (e.g., Kastner et al., 1991; You et al., 1996), are missing in the respective
horizons at site C0023 (Heuer et al., 2017). We therefore relate the fluid origin to an overpressured
zone along the décollement downdip at a depth of advanced clay dehydration but below peak
formation temperature of thermogenic hydrocarbons (100—150°C). These assumption contrasts the
previous view of episodic fluid flow along the entire fault surface after earthquake rupture but
supports the emerging picture of a heterogeneous plate boundary with overpressured and
permeable patches along the fault surface that shift in time and space (Saffer, 2015). A possible
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trigger for the spatially limited fluid flow could be the propagation of the frontal thrust which is
rooted to the subduction thrust close to Site C0023 (Figure 2-1b).

2.5.4 Mechanical Strength of Décollement and Its Implication

Because pore fluid pressure is a critical parameter that determines the mechanical strength and slip
behavior of faults (Saffer & Tobin, 2011), we computed the shear strength using the effective stress
at 714 and 721 mbsf and a friction coefficient of 0.27 for Muroto décollement reported by Ikari
and Kopf (2017). The resulting shear strength is as low as 0.4 to 0.8 MPa, lower than the 2~3 MPa
previously estimated by Tobin and Saffer (2009) and also lower than the ~2 MPa suggested by
Kopf and Brown (2003) as well as Skarbek and Saffer (2009). Instead, it is similar to the inferred
coseismic shear strength (0.54 MPa and 0.22-1.32 MPa) in the 2011 Tohoku earthquake from
temperature anomaly after the event by Fulton et al. (2013) and from high-velocity friction
experiments without excess pore pressure by Ujiie et al. (2013), respectively. Although we do not
have pore pressure estimates for the décollement, the excess pore pressure there should be equally
high because lithostatic pore pressure transients migrated along that horizon (Figure 2-7c).
Faulkner et al. (2011) proposed that propagation through material with very low shear strength is
energetically favorable as it provides little resistance and may explain how a large rupture is not
arrested from propagating to the trench as in the Tohoku earthquake. Moreover, overpressured
shallow décollement zones with low effective stress are conditionally stable and can be easily
destabilized by a sudden dynamic slip (Park et al., 2014). Laboratory data by Saffer and Marone
(2003) further show that under low effective stress conditions the tendency for velocity
strengthening behavior diminishes. Therefore, if the reverse-polarity of seismic reflections along
the décollement horizon offshore Shikoku Island (Park et al., 2014) represents similarly high pore
pressure as revealed at Site C0023, seismic slip could be propagated to the trench and cause
tsunami hazard offshore SW Japan when a large earthquake occurs.

2.6 Conclusions

We characterized the pore pressure regime and fluid flow processes in the shallow Nankai Trough
subduction zone based on robust pore pressure estimates from consolidation experiments and
numerical models. From our results, excess pore pressures increase continuously across the
accreted and underthrust sediments, with nearly constant pore pressure ratios. We suggest that both
accreted and underthrust sediments constitute one hydrogeological system and the décollement is
not a fluid barrier as previously believed. Near lithostatic pore pressure along the subduction thrust
seems to be attributable to the propagation of the frontal thrust which causes repeated lithostatic
pore pressure transients migrated along faults in the last 3 kyrs. The resulting extremely low shear
strength is similar to the inferred coseismic shear strength in the 2011 Tohoku earthquake, which
triggered massive near-trench displacement and a catastrophic tsunami.
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Supplementary Material

The supplementary material contains 1 text, 3 figures and 3 tables to support the main article.
Text S2-1 describes the construction procedures for estimating the preconsolidation pressure by
modified Casagrande method (McNulty et al., 1978). Figures S2-1 and S2-2 show the results of
estimated preconsolidation pressure based on modified Casagrande method (McNulty et al.,
1978) and Pacheco Silva method (1970), respectively. Figure S2-3 shows the modeled profiles of
the excess pore pressure and CI- concentration by the coupled pore pressure dissipation and
chemical transport model. Table S2-1 lists the details of the whole round samples used in this
study. Table S2-2 lists the experimental results of the tested samples. Table S2-3 lists the
collected consolidation data in the Nankai Trough from 400 to 1100 mbsf.

Text S2-1. Construction procedures for estimating the preconsolidation pressure by modified
Casagrande empirical graphical approach after McNulty et al. (1978).

a). Determine the recompression line by regressing the first several data points.

b). Determine the virgin compression line by regressing the last several data points.

c¢). Determine the transition curve between recompression line and virgin compression line by
regressing the data points in between.

d). Draw the bisector of the angle between recompression line and virgin compression line, and
determine the intersection of the bisector and transition curve. The intersection is the point with
maximum curvature (McNulty et al., 1978).

e). Draw a horizontal line through the maximum curvature point.

f). Draw the tangent to the transition curve at maximum curvature point and bisect the angle
between the tangent and the horizontal.

g). The effective pressure at the intersection point of the bisector and virgin compression line
gives the approximate value of the preconsolidation pressure.
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Figure S2-1. Estimations of the preconsolidation stress based on modified Casagrande empirical

graphical approach after McNulty et al. (1978).
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Figure S2-3. The modeled profiles of the excess pore pressure and CI- concentration using
different durations of fault dilation and Cl- concentrations of the influx fluid. PP=pore pressure.
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Table S2-1. Details of the whole round samples in this study.

Bottom
Depth
Sall\rlnop'le J-CORES sample ID Leg/Exp. Sample source Singele [m]gZSS}E’-A,
MSF,
WSF]
NO.01  CKY000000000006889400 370 C0023A-20R-3 WR, 10.0--30.0 cm 370AHWR  449.885
NO.02  CKY000000000006931400 370 C0023A-24R-7 WR, 62.0--80.0 cm 370AHWR 492.26
NO.03  CKY000000000007013900 370 C0023A-33R-8 WR, 15.0--35.0 cm 370AHWR 568.97
NO.04  CKY000000000007088600 370 C0023A-40R-3 WR, 120.0--141.0cm  370AHWR 625.03
NO.05  CKY000000000007315200 370 C0023A-54R-2 WR, 0.0--20.0 cm 370AHWR  713.795
NO.06  CKY000000000007343100 370 C0023A-55R-3 WR, 97.0--112.0cm  370AHWR 721.32
NO.07  CKY000000000007562700 370 C0023A-80R-7 WR, 130.0--151.0cm  370AHWR 842.45
NO.08  CKY000000000007738200 370 C0023A-84R-4 WR, 10.0--30.0 cm 370AHWR  875.355
NO.09  CKY000000000007753600 370 C0023A-86R-3 WR, 92.0--115.0cm  370AHWR 892.83
NO.10  CKY000000000007821000 370 C0023A-92R-3 WR, 115.0--136.5cm  370AHWR  950.775
NO.11  CKY000000000007915900 370 C0023A-99R-3 WR, 0.0--20.0 cm 370AHWR  1023.195
Table S2-2. Experimental results of the tested samples.
Sample  Depth oy Py o o'pc (kPa) Cr Ce  Ce
NO. (mbsf)  (kPa)  (kPa) (kPa) Casagrande  Pacheco Silva Maximum  Minimum
NO.01 450 8225 4520 3704 5137 5035 5808 4714 0.01 0.34 0.02
NO.02 491 9044 4945 4098 6472 6231 7744 6263 0.01 0.26 0.02
NO.03 568 10586 5706 4880 6054 6169 7744 5314 0.02 0.19 0.02
NO.04 624 11683 6261 5422 8570 8225 9680 7986 0.01 0.14 0.02
NO.05 714 13595 7177 6419 1498 1076 1936 1100 0.02 0.06 0.02
NO.06 721 13738 7244 6494 3445 2674 4840 3374 0.02 0.09 0.02
NO.07 843 16324 8466 7859 8660 7196 9680 7159 0.03 0.15 0.03
NO.08 876 17020 8794 8226 9664 8310 9680 8279 0.02 0.12 0.02
NO.09 893 17387 8965 8421 10821 10718 12100 8586 0.03 0.11 0.02
NO.10 951 18636 9552 9084 11304 10527 13068 10551 0.03 0.17 0.04
NO.11 1022 20161 10262 9899 12104 10635 15488 10394 0.02 0.13 0.02
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Table S2-3. Collected consolidation data in the Nankai Trough from 400 to 1100 mbsf.

Site (Dmet?stfh) (l\/fl;a) (I\if’ya) (I\ilvja) (AZPVa) (lglga) OCR (?A%la)) Data sources

1173 39127 639 393 246 246 317 129 071 Bellew, 2004

1173 44374 738 446 292 292 569 195 277 Bellew, 2004

1173 529.64 9.06 532 374 374 621 166 247 Bellew, 2004

1173 476 808 478 330 320 400 125 0.80 Morgan and Ask, 2004

1174 881 1745 885 860 520 1380 265 8.60 Morgan and Ask, 2004

808 1004 1999 10.09 990 640 13.00 2.03  6.60 Morgan and Ask, 2004

808 1098  21.83 11.03 10.80 770 1350 175  5.80 Morgan and Ask, 2004
Co0ll 4336 7.8 436 2.82 282 505 179 223  Guoand Underwood, 2014
Co0ll 47375 790 476 314 314 575 183 261  Guoand Underwood, 2014
CO011 49561 833 498 335 335 575 172 240  Guoand Underwood, 2014
CO011 55474 946 557 389 389 673 173 2.84  Guoand Underwood, 2014
Co0l1 58072 995 583 412 412 952 231 540  Guoand Underwood, 2014
C0011 63777 1107 641 466 466 608 130 142  Guoand Underwood, 2014
Co0ll 6692 1167 672 495 495 776 157 281  Guoand Underwood, 2014
Cooll 71271 1252 716 536 536 1137 212 601  Guoand Underwood, 2014
CO0l1 74862 1325 7.52 573 573 872 152 299  Guoand Underwood, 2014
CO011  405.63 665 407 258 258 335 130 0.77 Hiipers and Kopf, 2012
CO011 40649 667 408 259 259 221 085 -0.38 Hiipers and Kopf, 2012
CO011  629.57 1090 632 458 458 562 123  1.04 Hiipers and Kopf, 2012
CO0l1 74938 1326 7.53 573 573 1178 206  6.05 Hiipers and Kopf, 2012
C0011 78041 1388  7.84 604 604 1116 185 5.12 Hiipers and Kopf, 2012
Co0l1 78227 1392 7.86 606 606 1156 191  5.50 Hiipers and Kopf, 2012
CO011 493 827 495 332 332 564 170 232  Kitajimaand Saffer, 2014
CO0l1 663 1155  6.66 489 489 1225 250 7.36  Kitajimaand Saffer, 2014
Cooll 763 1353  7.66 587 587 1125 192 538  Kitajimaand Saffer, 2014
Cooll 781 1390 7.85 605 605 676 1.2 071  Kitajimaand Saffer, 2014
Cooll 862 1553 866 687 687 1731 252 1044  Kitajima and Saffer, 2014
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Abstract

Pore fluid pressure is a key parameter to understand subduction zone processes because it governs
the hydro-mechanical properties of the sediment material. However, direct pore pressure
observations in  accreted sediments are rare. Flemings and Saffer (2018,
https://doi.org/10.1002/2017JB015025) recently proposed a porosity-based approach to predict
pore pressure based on critical state soil mechanics. In our study, we advanced their work by
introducing the consolidation state of sediments into the model and applied the new model to the
Nankai accretionary prism off Muroto Peninsula. Our results reveal that the overconsolidated
sediment in the Nankai Trough generates 40%~50% less excess pore pressure than the normally
consolidated sediment, suggesting that overconsolidation inhibits the development of excess pore
pressure. Based on the pore pressure estimates, we quantify the shear stress and shear strength
along the décollement in the Nankai Trough. The shear strength is below 2.2 MPa, obviously larger
than the shear stress (<0.4 MPa) along the décollement. This implies that the accretionary prism is
not at Coulomb failure, which is in good agreement with the dynamic Coulomb model that the
sediment in the outer wedge is brought back to a stable elastic regime in the postseismic interval.

3.1 Introduction

Pore fluid pressure is intimately associated with fluid flow and structural development of
sediments and rocks in subduction zones (Saffer & Tobin, 2011). Previous studies have shown that
pore pressure not only determines the absolute strength of faults (e.g., Tobin & Saffer, 2009), but
also exerts a critical control on the overall geometry of the subduction complex (e.g., Davis et al.,
1983; Wang & Hu, 2006), the fault slip behavior (e.g., Kitajima & Saffer, 2012; Liu & Rice, 2007)
and the distribution of seismogenic zones (e.g., Moore & Saffer, 2001). To date, elevated pore
pressure has been invoked to explain the small critical taper of accretionary wedge (e.g., Dahlen,
1990), the fault reactivation (e.g., Behrmann, 1991; Sibson et al., 1988), the occurrence of
tsunamigenic slip near the trench (e.g., Seno, 2002), the wide seismogenic zone (e.g., Fagereng &
Ellis, 2009), as well as a series of new modes of slip including slow slip events (e.g., Song et al.,
2009), low frequency earthquakes and very low-frequency earthquakes (e.g., Ito & Obara, 2006).
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Therefore, pore pressure is a key parameter to understand the hydro-mechanical processes in
subduction zones.

Porosity-based prediction methods have been widely used to quantify the pore pressure in
underthrust sediments of subduction zones, because porosity can be derived from pre-drilling
seismic velocity (e.g., Tobin & Saffer, 2009), logging while drilling (LWD) data (e.g., Hoffman
& Tobin, 2004) or moisture and density (MAD) measurements (e.g., Screaton et al., 2002). The
applied approach typically involves a comparison between observed porosity and that of a normal
consolidation curve (e.g., Saffer, 2003; Skarbek & Saffer, 2009). The latter is based on one-
dimensional consolidation theory and depends on a relationship between porosity and vertical
effective stress. One major limitation of this approach is the assumption that consolidation is only
governed by vertical effective stress, which is not the case in an accretionary prism where the stress
environment is complex. Time-variant mean effective stresses and shear stresses control the
consolidation of sediments in accretionary prisms (e.g., Kitajima et al., 2017), thus porosity-based
pore pressure predictions with realistic stress environments are rare for accreting sediments.

Building on critical state soil mechanics, Flemings and Saffer (2018) recently proposed a new
porosity-based approach to predict the pore pressure in subduction zones, which also allows the
pore pressure prediction in the accretionary prism. This method assumes the accretionary prism is
in a state of Coulomb failure and the deformation behavior follows the Modified Cam Clay (MCC)
critical state model (Roscoe & Burland, 1968). By neglecting the elastic deformation, the pore
pressure and stress magnitudes at any stress state can be predicted. Although this method provides
a complete pathway to predict the pore pressure in both accretionary prism and underthrust
sediments by relating porosity change to variation of mean effective stress and shear stress, the
consolidation state of sediments, which has important impact on the model performance (e.g.,
Swarbrick, 2001), is not considered. In this paper, we (1) advance upon their work by introducing
the consolidation state of sediments into the model, and (2) explore the effect of overconsolidation
on pore pressure estimates by applying the newly modified method to the Nankai Trough
accretionary prism.

3.2 Geological Setting

The Nankai Trough subduction zone forearc off the southwest coast of Japan (Figure 1) is formed
by the subduction of the Philippine Sea plate to the northwest beneath the Eurasian plate with a
present-day convergence rate of 4-6 cm/yr (Seno et al., 1993; Miyazaki & Heki, 2001). Ocean
drilling expeditions have been undertaken in the Nankai Trough along three regional transects:
Ashizuri, Muroto and Kumano, all named after the respective peninsulas. In this study, we focus
on the Muroto transect, where a very low wedge taper angle indicates low shear strength and
elevated pore pressure along the subduction thrust (Brown et al., 2003). The Muroto transect has
been investigated by Ocean Drilling Program (ODP) and International Ocean Discovery Program
(IODP) expeditions. ODP Leg 131 penetrated and cored the accretionary prism and underthrust
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section at Site 808, located 3 km landward of the trench (Taira et al., 1991). In subsequent ODP
Leg 190, Sites 1173 and 1174 as well as several other sites were drilled (Moore et al., 2001). Site
1173 is a reference site and was drilled 11 km outboard of the trench, whereas Site 1174 is a less-
deformed analog to Site 808 and was drilled to 1120 meters below seafloor (mbsf) at 2 km
landward of the trench (Moore et al., 2001). Recently IODP Expedition 370 established Site C0023,
close to Sites 808 and 1174, to investigate the limits of life in the deep subseafloor biosphere and
drilled the borehole to 1177 mbsf (Heuer et al., 2017).

direction

Philippine Sea plate
133°E 134° 135° 136° 137°

Figure 3-1. Bathymetry map of the Nankai Trough and locations of the seismic profile and
ODP/IODP drill sites used in this study. Figure made with GeoMapApp (Www.geomapapp.org;
Ryan et al., 2009). Thick red line shows the location of the seismic Inline 284. Solid dots mark
drill sites. Inset: The tectonic background of the Nankai Trough after Moore et al. (2001). IODP,
International Ocean Discovery Program; ODP, Ocean Drilling Program.

The strata in the Nankai Trough subduction zone off Cape Muroto includes five lithostratigraphic
units (e.g., Moore et al., 2001). Above the basaltic basement, a ~15-50 m thick middle Miocene
volcaniclastic facies is recognized and is composed of volcaniclastic tuff and variegated mudstones
(Taira et al., 1991; Heuer et al., 2017). Overlying the volcaniclastic facies, a middle Miocene -
Pliocene lower Shikoku Basin (LSB) facies, mainly comprising heavily bioturbated hemipelagic
mudstones with traces of disseminated ashes, is developed, with thickness ranging from ~420 to
~470 m (Taira et al., 1991; Heuer et al., 2017). The facies change from LSB to upper Shikoku
Basin (USB) is defined by the appearance of recognizable volcanic tuff layers (Moore et al., 2001;
Heuer et al., 2017). The Pliocene to Quaternary USB facies is ~140-210 m thick and consists of
hemipelagic mudstones with interbeds of tuffs and tuffaceous sedimentary rocks (Heuer et al.,
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2017). With the plate moving towards the trench, a ~480-540 m thick trench-wedge (TW) facies
containing turbidite and bioturbated mudstones, siltstones, sandstones, and volcanic tuffs deposits
on USB facies (Taira et al., 1991; Moore et al., 2001; Heuer et al., 2017). At the top of the trench-
wedge sediment, a ~5-20 m thick slope-apron facies lies and includes mud, clayey silt and fine-
grained sand (Taira et al., 1991; Moore et al., 2001).

The porosity at Sites 808, 1174 and C0023 generally decreases with depth and a consistent porosity
increase across the décollement is present (Figure 2). Higher mean effective stress and shear-
induced compaction driven by the tectonic loading lead to an additional porosity loss in the
accretionary prism compared to reference Site 1173 (Figure 2, Flemings & Saffer, 2018). The
relatively high porosity beneath the décollement has been interpreted as inhibited fluid expulsion
and excess pore pressure (Gamage & Screaton, 2006). Also, pore water freshening is widely
observed along the décollement and suggests up-dip migration of freshened fluids to the trench
(Brown et al., 2001; Saffer & McKiernan, 2009), which is in good agreement with the nearly
lithostatic pore pressure along the décollement (Zhang et al., 2021).

Porosity (%) Porosity (%) Porosity (%) Porosity (%)
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Figure 3-2. Porosity profiles at Sites 808, 1174, C0023 and 1173. The porosity data are collected
from Taira et al. (1991), Moore et al. (2001), Heuer et al. (2017) and Zhang et al. (2021). I = slope-
apron facies, I = trench-wedge facies, III = upper Shikoku Basin facies, [V=lower Shikoku Basin
facies, and V = volcaniclastic facies. Red shading marks the location of the décollement. The
stratigraphically equivalent depth of décollement at Site 1173 is marked by a red dashed line.
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3.3 Concepts and Models

3.3.1 Stress and Pressure

The lithostatic stress (vertical total stress or overburden stress) is the stress caused by the weights
of solid particles and pore fluids and can be calculated by the integral of the bulk formation density
as follows:

0,()=g:| p(z)-dz (3-1)

where o, is lithostatic stress, g gravity acceleration, p the depth-variant bulk formation density,
and z depth. According to the principle of effective stress (Terzaghi, 1943), the lithostatic stress is
carried by the solid particle skeleton and pore fluids, as expressed by:

c,=0,+P (3-2)
where o is the in situ vertical effective stress and P is the pore pressure.

The stress state of a sediment element can be represented by three perpendicular principal effective
stresses, o,, o, and o, which are the normal stresses on three perpendicular planes (e.g., Davis
& Selvadurai, 1996; Kitajima et al., 2012; Lin et al., 2016). 0'1' is the maximum principal effective
stress, o, is the intermediate principal effective stress, and o, is the minimum principal effective
stress. In subduction zones, o, and o, are normally considered to be vertical and horizontal

respectively in underthrust complex, whereas that in accretionary prism are assumed to be
horizontal and vertical (e.g., Moore & Tobin, 1997; Tsuji et al., 2008).

3.3.2 Consolidation
Consolidation is the gradual volume reduction of fully saturated sediments with increasing

effective stress (Terzaghi, 1943; Knappett & Craig, 2012). If the sediment is consolidated under

uniaxial compression with zero lateral strain, the process is called K, consolidation, where K is

the ratio of horizontal to vertical effective stress (e.g., Knappett & Craig, 2012). The maximum
vertical effective stress that the sediment has sustained in its consolidation history is termed

preconsolidation stress o, (Casagrande, 1936). The quantitative relation between o, and o, is

given by overconsolidation ratio (OCR):

O,

v
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The sediment is said to be normally consolidated when OCR = 1, whereas it is called

overconsolidated when OCR > 1. However because o, can never be less than o, OCR <1 does
not exist in strict sense (e.g., Knappett & Craig, 2012). But it is also common to replace o, by
hydrostatic vertical effective stress o, in equation (3-3) to calculate OCR owing to difficulty in
obtaining a;, which leads to OCR<I (e.g., Saffer, 2003; Kitajima & Saffer, 2014). In this study,
we refer to the value derived from o, as OCR'. In practice, o, is commonly determined by the
yield point in consolidation tests which marks the deformation transition from recompression to

virgin compression (e.g., Knappett & Craig, 2012). Many previous studies have shown that
although some sediments have never experienced unloading, consolidation tests yield higher o-;,c

than a'v (e.g.,.Bjerrum, 1973; Graham et al., 1983; Leonards & Ramiah, 1960). This can be

attributed to secondary consolidation and diagenesis which cause a strengthening of the sediments
and shift the yield point to higher stress (e.g., Bjerrum, 1973; Locat & Lefebvre, 1986). Generally,
these sediments are treated as overconsolidated sediments because they demonstrate similar
material characteristics to those which have experienced unloading (e.g., Morgan & Ask, 2004).

The Nankai Trough is one of the world’s best studied convergent margins and numerous
consolidation tests were conducted to infer the consolidation state of the sediments on the
incoming Philippine Sea plate. In contrast to Zhang et al. (2021), we compiled all possible
consolidation data in the Nankai Trough (Karig, 1993; Morgan & Ask, 2004; Bellew, 2004; Hiipers
& Kopf, 2012; Guo & Underwood, 2014; Daigle & Dugan, 2014; Kitajima & Saffer, 2014; Zhang
et al., 2021) to calculate the OCR values (Figure 3). The data are from drill sites seaward and
landward of the deformation front along the Muroto, Kumano and Ashizuri transects (Figure 1).

The (7; values at seaward reference Sites 1173, 1177, C0011 and C0012 were inferred from a;h
where low sedimentation rates prevented pore pressure in excess of hydrostatic (e.g., Screaton et
al., 2002; Kitajima & Saffer, 2014), while the 0; values from underthrust sediments at Sites 808,
1174 and C0023 were derived from porosity-based pore pressure predictions (e.g., Screaton et al.,
2002; Morgan & Ask, 2004). The OCR values from the accretionary prism were unavailable due
to the difficulty in obtaining o, , we therefore used OCR' to show the consolidation state of
accreting sediments (Dugan & Daigle, 2011; Saffer et al., 2011; Guo et al., 2011; Zhang et al.,
2021). For o-;,c values, all the data from Site C0012 were corrected for the erosional unloading /
removed overburden of 0.45 MPa at 15 mbsf and 1.04 MPa at 85 mbsf, respectively (Kitajima &

Saffer, 2014). Despite the scatter, OCR values give evidence for overconsolidated sediment in the
Nankai Trough (Figure 3). The OCR values less than 1 above 500 mbsf might be attributed to

small excess pore pressures which lead to an overestimation of o, . Excluding these data, the OCR

values in the Nankai Trough generally range from 1.30 to 2.50. For the prism sediments, the OCR'
values are extremely scattered at shallow depth, but remain relatively stable below ~100 mbsf

48



(Figure 3). This might be explained by the fact that the sediment at shallow depth has lower
effective stress and its consolidation state is easily affected by the other processes like earthquake
loading. Although the OCR' values of the accreting sediments are in a similar range with the OCR
values from the underthrust sediments and reference sites, the OCR values of the accreting
sediments should be larger, because (1) excess pore pressure in the accretionary prism decreases

o, (e.g., Zhang et al., 2021) and (2) horizontal tectonic loading increases 0;70 (e.g., Saffer, 2003).
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Figure 3-3. Profile of OCR and OCR' values in the Nankai Trough. The OCR vaules are from
reference sites and underthrust sediments. The OCR' vaules are from accreted sediments. Data are
collected from Karig (1993), Morgan and Ask (2004), Bellew (2004), Dugan and Daigle (2011),
Saffer et al. (2011), Guo et al. (2011), Hiipers and Kopf (2012), Guo and Underwood (2014),
Daigle and Dugan (2014), Kitajima and Saffer (2014) and Zhang et al. (2021).

3.3.3 Models

Flemings and Saffer (2018) proposed a porosity-based approach to predict the pore pressure in

subduction zones, which assumes (1) the underthrust section is in a state of K, consolidation, (2)
the accretionary prism is in a state of Coulomb failure, (3) o, =0, and o,=0, in the accretionary

prism, where o, represents the horizontal effective stress in the subduction direction, (4) the

deformation behavior of the sediment follows the elasto-plastic Modified Cam Clay (MCC) model
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under plane strain condition (Roscoe & Burland, 1968), and (5) the elastic deformation is
negligible compared to plastic deformation. They showed the stress path of the sediment in the
Nankai Trough based on a normal consolidation state. However the sediment in the Nankai Trough
is overconsolidated, we therefore took the consolidation state of the sediment into consideration
and expanded the method to overconsolidated sediments. For ease of description, we refer to their
original model as normally consolidated (NC) model and our modified model as overconsolidated
(OC) model. In the following section, we briefly describe the MCC model under plane strain
condition (Roscoe & Burland, 1968), the stress path of sediments as they enter the accretionary
prism (e.g., Karig, 1990; Kitajima & Saffer, 2014) and the approach proposed by Flemings and
Saffer (2018) to predicted pore pressure, before we introduce our OC model.

The MCC model (Roscoe & Burland, 1968) is an elasto-plastic constitutive model in critical state
soil mechanics, which links consolidation, shear strength and elastic and plastic deformations
(Azizi, 2000). Under plane strain condition, the stress state of the sediment in subduction zones
can be described by the mean principal effective stress s” and the maximum shear stress ¢ in the
plane of shearing:

S’=—O-V_|2_O-h (3-4a)
=29 ;Gh (3-4b)

It should be noted that s is different from the mean effective stress in the Cambridge triaxial

compression theory, where the mean effective stress p = (o, + 0, + 0, )/3, while ¢ always has the
same value as the deviator stress g= (o, — o, )/2, but might be negative. In the s’-¢ space (Figure
4), the slope (77, ) of an arbitrary line can be calculated by:

1-K

“ITK ¢-2)

Nk

where K is the arbitrary effective stress ratio of o', to o', . The stress ratios under K,
consolidation condition, at Coulomb failure (K ) and critical state (K, ) are all dependent on the
friction angle of sediments (Roscoe & Burland, 1968). Therefore, K,, K. and K, and thus

corresponding 77, , 1, and 77, can be determined if the friction angle is known.

According to the MCC model (Roscoe & Burland, 1968), under any constant effective stress ratio
(K) condition, the void ratio of sediments is a function of mean effective stress:

e=e, —A-In(s") (3-6a)
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where e is the void ratio corresponding to s, e, the void ratio at an average stress of unity, and 4

the slope on the In(s")-e plot. The In(s")-e relationship at any stress state (K) can be derived when
that at one specific state is known (e.g., Azizi, 2000). In s'-¢ space (Figure 4), the yield surface
(gray dash line) is the boundary between elastic and plastic deformation. Assuming that the elastic
deformation is negligible, it also represents the iso-void ratio surface, which describes the stress
evolution under undrained condition.
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Figure 3-4. Evolution of stress and void ratio under different stress conditions for both normally
consolidated and overconsolidated sediments. ISL = isotropic stress consolidation line; KoCL =
Ko consolidation line; CFL = Coulomb failure line; ISL-OC = isotropic stress consolidation line
for overconsolidated sediments; KoCL-OC =Ky consolidation line for overconsolidated sediments;
CFL-OC = Coulomb failure line for overconsolidated sediments.

In subduction zones, the sediment passing into the accretionary prism is initially deposited outside
the prism and the burial of sediments is generally considered as K, consolidation (e.g., Yamamoto
et al.,, 2013). Therefore the stress path of sediments firstly follows OA in Figure 4. With the
sediments accreted on the overriding plate, the horizontal stress increases and the average of the
principal stresses follows AC until the sediment reaches Coulomb failure. If the sediment is
undrained, the average of principal effective stresses follows AB and crosses the Coulomb failure
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line at point B. The stress difference between points C and B is the excess pore pressure generated
due to horizonal compression under undrained condition.

Using moisture and density (MAD) measurements at reference Site 1173, Flemings and Saffer
(2018) established the In(s')-e relationship under K, consolidation condition for sediments along
Muroto transect. Based on the MCC model under plane strain condition and the stress path of
normally consolidated sediments in subduction zones, they further derived the stress ratio (K)

and the In(s")-e relationship at Coulomb failure by assuming a constant friction angle and then
calculated the excess pore pressure under undrained condition.

However as described in section 3.2, the sediment in the Nankai Trough is widely overconsolidated.
For overconsolidated sediments, the effective stress path under undrained condition does not
follow AB in Figure 4. Instead, s’ remains constant inside the elastic wall and then decreases on
the Roscoe surface after passing point D and finally reaches Coulomb failure at point E (see Roscoe
and Burland (1968) and related publications (e.g., Azizi, 2000) for detailed theory). In s'-¢ space
(Figure 4), the preconsolidation stress of overconsolidated sediments corresponds to point A', the
stress path DE is on the iso-void ratio line crossing point A' (Figure 4). On the other hand, the
mean principal stress follows AF. Hence the excess pore pressure for overconsolidated sediments
under undrained condition is the stress difference between points F and E.

As illustrated in Figure 4, overconsolidated sediments have smaller e at the same average effective
stress, compared with normally consolidated sediments. To reach the same e for normally
consolidated sediments, the average effective stress should increase to so.’=OCR-s". Substituting
it into equation (3-6a), we have:

e=e, —AIn(OCR)—AlIn(s") (3-6b)

Defining e, =e, —AIn(OCR), it represents the void ratio at an average stress of unity for
overconsolidated sediments and A In(OCR) denotes the magnitude of decreased void ratio relative

to that of normally consolidated sediments (Figure 4). Considering the sediments along Muroto
transect is overconsolidated, the established In(s")-e relationship (Flemings & Saffer, 2018) under

K, consolidation condition can be written as:
e=e,. —A-In(s") (3-6¢)
The In(s')-e relationship for normally consolidated sediments under K, consolidation condition

can be acquired, since e, =e, ,+1-In(OCR) . Based on the MCC model under plane strain

condition (Roscoe & Burland, 1968), the stress ratio ( K, ) and the In(s")-e relationship for normally

consolidated sediments at Coulomb failure can be derived. The pore pressure under undrained
condition is calculated as follows: (1) using the In(s")-e relationship at Coulomb failure and e to
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compute s’ at point E; (2) utilizing s’ and K, to estimate o, ; and (3) employing equation (3-2) to
calculate the pore pressure, where o, is calculated by equation (3-1).

Consequently, the equation to calculate the pore pressure in an accretionary prism from void ratio
for overconsolidated sediments is:

€.t A- IN(OCR)+ 2+ In(C) e

P=0c,—(1-sing)-exp( P

3-7)

where ¢ is the friction angle of sediments and C is a dimensionless quantity dependent on the
friction angle. C is given by:
M? +3-sin’
o ¢

2~(M2+3—x/3M2+9)

where M is the slope of critical state line in the average effective stress-deviator stress space based

(3-8)

on MCC model (Roscoe & Burland, 1968) and can be calculated from the friction angle:

_ 6:sing
3—sing

(3-9)

In comparison, the equation to calculate the pore pressure in underthrust section from void ratio
for overconsolidated sediments is:

M? € o —€
Pzav—‘/l-l- 3 -exp( KO/l ) (3-10)

The NC model by Flemings and Saffer (2018) contains two sub-models: an intact sediment model

3.4 Model Applications

and a weak fault model. The intact sediment model assumes the accretionary prism is in a state of
Coulomb failure without effects of faults, while the weak fault model hypotheses that the stress
state is affected by the properties of preexisting weak faults such that the accretionary prism
reaches Coulomb failure in advance or the accretionary prism is not at Coulomb failure (Flemings
& Saffer, 2018). In this study, we applied the normally consolidated intact sediment and weak fault
models as well as our OC model to (1) Sites 808, 1174 and C0023 to compare the results with
experimental data, and (2) Muroto transect where porosity profile can be derived from seismic
velocity data to characterize the two-dimensional pore pressure distribution in the Nankai Trough.

3.4.1 Single-Site Pore Pressure Estimates

The MAD data at Sites 808, 1174 and C0023 (Figure 2) were employed to estimate the pore
pressure. However, because the MAD measurements were conducted at atmospheric pressure, the
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void ratio has to be corrected for rebound (e.g., Hamilton, 1976; Rea & Gaillot, 2004; Kitajima et
al., 2017). Although our model assumes that the elastic deformation is negligible compared to
plastic deformation, our rebound correction is to obtain more accurate in situ void ratio values and
does not contradict with the assumption in the model. Following Rea and Gaillot (2004), the void
ratio correction Ae was estimated by:

Ae =log(c”))-c, (3-11)

where c. is the expansion index. We computed o, by subtracting the hydrostatic pore pressure

from lithostatic stress which is estimated by equation (3-1) using uncorrected shipboard bulk
density data (Taira et al., 1991; Moore et al., 2001; Heuer et al., 2017). For c. values, an average
ce = 0.023 determined by consolidation tests on samples from Site C0023 was employed (Zhang
et al., 2021). We then subtracted Ae from measured void ratio and substituted the corrected void
ratio into equations (3-7) and (3-10) to estimate the pore pressure. In the calculations, a sediment
friction angle of 15°, an OCR = 1.76 averaged from Sites 1173, 1174, 808, and C0023, and € o

=1.16 and A4 =0.463 after Flemings and Saffer (2018) were used.

The sediment friction angle of 15° not only corresponds to the friction coefficient of 0.27 reported
by Ikari and Kopf (2017), but also is similar to the estimated value of 17° from the classical
Coulomb wedge theory. Based on the theory of noncohesive critical Coulomb wedges (Dahlen,
1984; Wang & Hu, 20006), the critical taper angle is calculated by:

a+p=y, -y, (3-12)
where a is the surface slope, B is the décollement dip, y; is the angle between o, and the

décollement surface at critical state, and y is the angle between o, and the slope surface at

critical state. y, and y, are determined by:

.1 . sing,. 1
v, 25 : arcsm(—sini;’ ) —3 @, (3-13a)
Czl-arcsin(smav)—l-a' (3-13b)
Vo 2 sing = 2
where ¢, and o are defined by:
, 1-4,
¢,=arctan (1 ﬂ*)-tan @, (3-14a)
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a =arctan [(%) -tan a} (3-14b)

where A, and A" are the generalized Hubbert-Rubey fluid pressure ratio along the décollement
and within the accretionary prism, respectively, p, is the density of pore water, and ¢, is the
friction angle of the décollement. To simplify the calculation, ¢ = ¢, was assumed. Then we
utilized A" = 0.7 and A, = 0.9 after Zhang et al. (2021), a = 1.5° and B =2.6° after Saffer and

Bekins (1998), p, = 1.024 cm®/g (e.g., Dugan & Germaine, 2008), and p = 2.126 averaged from
Site C0023 to solve equations (3-12) to (3-14) and obtained the sediment friction angle of 17°.

In addition, we calculated the pore pressure by NC model using the same parameters with our OC
model. For the weak fault model, a weak fault friction angle of 5° after Flemings and Saffer (2018)
was used. Then the pore pressure estimates by both NC and OC models were compared with the
experimental data. To explore the effects of OCR on pore pressure estimates, we also calculated
the normalized pore pressure results under different OCR values using data from Site 1174 at 200,
400, 600 and 800 mbsf, respectively, because the porosity fluctuation at Site 1174 is relatively
small (Figure 2).

3.4.2 Two-Dimensional Pore Pressure Distribution

To characterize the two-dimensional pore pressure distribution along Muroto transect, we
transformed the seismic velocity into porosity and thus void ratio and then estimated the pore
pressure by both NC and OC models. The seismic interval velocity by Costa Pisani et al. (2005)
that was calibrated using borehole data was employed. Although previous research reported
velocity-porosity transforms in the Nankai Trough, the transform equations were either based on
wireline logging (e.g., Hoffman & Tobin, 2004) or focusing on the Kumano transect (e.g., Kitajima
et al., 2017). We therefore established a new equation by combining seismic interval velocity with
shipboard porosity measurements. The velocity model of inline 284 (Costa Pisani et al., 2005) and
the corrected shipboard porosity at Site 808 were employed, since inline 284 crosses Site 808. We
firstly extracted the velocity data close to Site 808 from inline 284 and then picked the velocity
data located £1 m from porosity measurements, because the sampling depths of seismic velocity
and porosity were not matched. Erickson and Jarrard (1998) proposed an empirical velocity-
porosity transform for global siliciclastic sediment which takes shale fraction and consolidation
history into account and merges different velocity-porosity trends above and below critical
porosity in one equation. We followed their method and used an equation in the form as below:

Vp=1/(i-n +j)+(k-Vsh+l)-{tanh[ZO-(n—nc)]—‘tanh[20-(n —nc)]|} +w (3-15)

where Vp is seismic interval velocity, n porosity, Vsh shale fraction, n. critical porosity, and i, j, ,

I and w are empirical parameters. In equation (3-15), 1/(i-n+ j) represents the part of time-

55



average relationship (Wyllie et al., 1956), whereas
(k-Vsh+1)-{tanh[20-(n—n,)]— ‘tanh[20 “(n—n,)]

} accounts for the effects of shale fraction,

consolation history and critical porosity referred from Erickson and Jarrard (1998). In this study,
a Vsh = 0.32 after Hoffman and Tobin (2004) and a n. = 0.42 observed on cross plots of seismic
velocity and corrected porosity (Figure 5) were used. The other empirical parameters (i.e. i, j, &, [
and w) are constrained by fulfilling the following assumptions: (1) » = 1 when the velocity is
equivalent to a water velocity of 1.5 km/s; (2) n = 0 and Vsh = 0 when the velocity equals to the
average sand velocity of 5.49 km/s (Raymer et al., 1980); (3) n = 0 and Vsh = 1 when the velocity
equals to the average shale velocity of 4.3 km/s (Erickson & Jarrard, 1998). Consequently only
two empirical parameters are independent variables. We therefore used i from 0 to 10 and w from
-5 to 5 with an interval of 0.01 to calculate porosity from velocity data. The best fit empirical
parameters (i = 1.80, j = 0.24, k= 0.60, / = -0.16 and w = 1.01) were determined when the misfit
between the predicted and measured porosity is minimum.

25
E
< 23 G
2>
E
< 21 r
>
=
5 19 |
k=
Q
g 17 |
92
1.5 ' '
0.2 04 0.6 0.8

Fractional porosity

Figure 3-5. Fractional porosity (¢) versus seismic interval velocity (¥p) at Site 808. The black line
represents the regression formula following equation (3-15).

With the best fit equation, we transformed the seismic velocity into porosity, from which we
calculated the bulk formation density using a water density of 1.024 cm?/g and an experimentally
determined average grain density of 2.79 cm’/g at Site C0023. Then we computed o, with
equation (3-1). Similar with Sites 808, 1174 and C0023, we assumed a friction angle of 15° (Casey
etal.,2016) and OCR = 1.76 and employed equations (3-7) and (3-10) to estimate the pore pressure
distribution along Muroto transect by both NC and OC models, after transforming the porosity
into void ratio.
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3.5 Results

3.5.1 Sites 808, 1174 and C0023

Our results show excess pore pressure in both accreting and underthrusting sediments at Sites 808,
1174 and C0023 (Figure 6). For each site, NC (intact sediment and weak fault) and OC models
predict same excess pore pressure in the subducted sediments, while different excess pore pressure
is predicted by these models in the accretionary prism. The OC model generates 40%-50% lower
excess pore pressure on average than that by intact sediment model. In comparison, the pore
pressure estimates by OC and weak fault models are in good agreement. Moreover, in contrast to
a sharp decrease of excess pore pressure across the décollement from the intact sediment model,
OC and weak fault models reveal a continuous pore pressure increase across the accreted and
underthrust sequence. Based on the results by our OC model, Site 808 has relatively higher excess

pore pressure throughout the profile with main pore pressure ratios (Ap =P/ o, ) 0f 0.7-0.9, whereas

the pore pressure ratios at Sites 1174 and C0023 are mainly in a range of 0.6-0.8 and 0.7-0.8,
respectively. For the underthrust sequence, the excess pore pressure at Site 808 generally ranges
from 5 MPa to 7 MPa while that at Sites 1174 and C0023 are dominantly between 3 MPa and 5
MPa. In respect of the accreting sediments, the pore pressure increases from hydrostatic to 5 MPa
in excess of hydrostatic at Site 808 and 4 MPa at Sites 1174 and C0023, respectively.
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Figure 3-6. Estimated pore pressures at Sites 808, 1174 and C0023. Experimental data are from
Karig (1993), Moran et al. (1993), Morgan and Ask (2004) and Zhang et al. (2021). I = slope-
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apron facies, Il = trench-wedge facies, III = upper Shikoku Basin facies, [V= lower Shikoku Basin
facies, and V = volcaniclastic facies. Red shading marks the location of the décollement.

At Site 1174, P/Pintact, which is defined as the ratio of estimated pore pressure with OC model to
that estimated by intact sediment model and equivalent to pressure coefficient B (section 6.1),
decreases with increasing OCR values (Figure 7). The P/Pintact values at 200, 400, 600 and 800
mbsf consistently decrease from 1 and reach 0.42, 0.59, 0.63, and 0.64, respectively, when OCR

values increase to 3. Similar to P/Pintact, the pore pressure ratio (Ap = P/ 0, ) also decreases with the

increase of OCR (Figure 7). The pore pressure ratios are in a range of 0.78-0.85 when OCR =1,
and gradually decrease to 0.33-0.55 when OCR values rise to 3.
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Figure 3-7. The normalized pore pressure results under different OCR values using data from Site
1174 at 200, 400, 600 and 800 mbst show the effects of OCR on estimated pore pressures. Pintac=
pore pressure estimates by intact sediment model. Note that P/ Pinwact 1S equivalent to pressure
coefficient B.

3.5.2 Muroto Transect

Our data show wide-spread excess pore pressure along Muroto transect from both intact sediment
and OC models (Figure 8). The excess pore pressure increases progressively landward from the
trench and the maximum excess pore pressure reaches to as large as 20 MPa. Similar to the results
of Site C0023, the intact sediment model predicts higher excess pore pressure and indicates a
distinct decrease of excess pore pressure across the décollement, whereas the excess pore pressure
predicted by our OC model is lower and obvious variation of excess pore pressure is absent from
the accretionary prism to underthrust section. Also, the excess pore pressure increases with depth
in general. Based on the results by OC model, the excess pore pressure is lower than 5 MPa above
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5000 mbsl (meters below sea level) while it increases to 12 MPa at 6000 mbsl and reaches to as
large as 20 MPa at the base of underthrust section.
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Excess pore pressure (MPa) by intact sediment model

Seafloor
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Figure 3-8. Estimated pore pressures by both intact sediment model and overconsolidated model
along inline 284 seismic section in the Nankai Trough.
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3.6 Discussion

3.6.1 Pore Pressure Estimates

The results from our OC model for both single-sites and the Muroto transect reveal wide-spread
excess pore pressure in both underthrust sediments and accretionary prism (Figures 6 and 8). The
excess pore pressure increases with depth and distance from the trench and is in unison with the
concept of pore pressure distribution in the accretionary prism (e.g., Ienaga et al., 2006; Flemings
& Saffer, 2018). The pore pressure estimates at Sites 808, 1174 and C0023 are consistent with
previous results by consolidation experiments (Karig, 1993; Morgan & Ask, 2004; Zhang et al.,
2021) as well as porosity inversion based on hydrogeological models (Skarbek & Saffer, 2009),
corroborating the validity of our OC model in pore pressure prediction. We also note that the pore
pressure estimates by the weak fault model using a weak fault friction angle of 5° are generally
consistent with the experimental results as well. But a preexisting fault weaker than the
décollement is disputable in the accretionary prism, considering the décollement has a low friction
coefficient of 0.27 (Ikari & Kopf, 2017) and a high pore pressure ratio of 0.9 (Zhang et al., 2021).
In comparison, our OC model relates pore pressure estimates to consolidation state and reproduces
the experimental data without introducing a weak fault. Another hint showing pore pressure is
related to the consolidation state is that Tsuji et al. (2008) obtained similar pore pressure results
along the Muroto transect to ours by considering crack sealing. These authors established a
theoretical acoustic velocity-mean effective stress relationship based on differential effective
medium theory and estimated the in situ mean effective stress (and thus pore pressure) by
iteratively fitting the stress-dominated velocity to seismic velocity. They accounted for
cementation associated with heating by using landward decrease of crack concentration (crack
sealing). However, the two high excess pore pressures above the décollement derived from
uniaxial consolidation experiments at Site C0023 were absent in our results (Figure 6), because (1)
the velocity model flattens the gathers (Costa Pisani et al., 2005) and (2) porosity change by
unloading through transient pore pressure increase is relatively small (e.g., Nobes et al., 1991).
Based on the results from both single-sites and Muroto transect, the pore pressure increases
continuously across the décollement and supports the recent view that the décollement may not be
a fluid barrier in the Nankai Trough (Zhang et al., 2021).

Compared to the results from Flemings and Saffer (2018) as well as our own pore pressure
estimates by the intact sediment model, the OC model predicts 40% ~ 50% less excess pore
pressure in accreting sediments (Figure 6), implying that the overconsolidation inhibits the
development of excess pore pressure. Further, it is clear that the pore pressure results decrease
with increasing OCR (Figure 7). But with the consolidation of sediments (increasing depth), the
inhibition effects of OCR on pore pressure development weakens. Compared with the pore
pressure estimates by intact sediment model, an OCR = 3 causes a decrease of 58% and 36% pore
pressure for sediments at 200 and 800 mbsf, respectively. For the underthrust section, both intact
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sediment model and our OC models yield same pore pressure, which is attributed to the
consolidation state of the sediments at the reference site. The equation (3-6a) was built on reference
Site 1173 where sediments are overconsolidated, therefore the overconsolidation state has been
taken into account when predicting pore pressure by the NC model.

The inhibition effects of OCR on pore pressure development can be explained by the concept of
pore pressure coefficients (Skempton, 1954). With the increase of total stress, the pore pressure
change AP under undrained condition is:

AP =B-[Ac,+ A-(Ac,—Ad,)] (3-16a)
m

B=——7"— 3-16b

mtnf, ( )

where Ao, and Ao, are increments of maximum and minimum principal stress, 4 and B are pressure
coefficients, and m  and frare compressibility of the formation and pore fluids, respectively. B is
also called loading efficiency (e.g., Sawyer et al., 2008). For normally consolidated sediments, m |
is far larger than B, making B=I. In contrast, m decreases substantially for overconsolidated

sediments, causing the decrease of B. Therefore, compared with normally consolidated sediments,
the overconsolidated ones generate less excess pore pressure under undrained loading condition.
Our consolidation experiments at Site C0023 yield average m  values of 1.7x10 Pa! in the

unloading phase. The B value for overconsolidated sediments is estimated using m = 1.7x 10 Pa’

! n=0.45 and By=5x10"1" Pa’! (Fetter, 2013). The result of B = 0.88 is similar to the P/Pintact values
(0.85, 0.86, 0.87) from Site 1174 at 400, 600 and 800 mbsf when OCR=1.76 (Figure 8).

3.6.2 Implications for Stability of the Subduction Thrust Faults

Based on the mechanics of earthquakes and faulting, the friction stability of the fault is described
by the friction stability parameter (:

¢ =(a-b)-o, (3-17)

where a and b are velocity-dependent frictional properties of material, and o, is the effective

normal stress on the slip plane (Scholz, 1998). The fault with negative  is either unstable (large
negative values of {) or conditionally stable (small negative values of {), while positive { indicates
the fault is intrinsically stable. It has been recognized that the diagenetic processes in the
subduction zone drives the velocity dependence (a-b) to more negative (Moore & Saffer, 2001).
Our study suggests that the diagenetic processes not only exert effects on (a-b), but also prevents
the increase of excess pore pressure by strengthening the sediment and increasing the consolidation
state (e.g., Morgan & Ask, 2004), which facilitates the instability of faults and thus the generation
of earthquakes.

61



With the pore pressure results along the décollement, we calculated the shear stress and shear
strength, respectively. Shear strength is the maximum shear stress that the sediment can sustain
before shear failure takes place, and was calculated by the effective stress acting on the fault plane
times a friction coefficient of 0.27 after Ikari and Kopf (2017). The effective stress and shear stress

on the fault were calculated from the component of o, and o, on the fault plane using a

décollement dip angle of 2.6° (Saffer & Bekins, 1998). The shear strength is below 2.2 MPa
(Figure 9), lower than previous estimates of 4 MPa by Tobin and Saffer (2009), where a higher
friction coefficient of 0.4 was used. In contrast, the shear stress along the décollement is below 0.4
MPa, obviously lower than the estimated shear strength (Figure 9). This implies that the
accretionary prism is not at Coulomb failure, which is consistent with the dynamic Coulomb model
that the sediment in the outer wedge is brought back to a stable elastic regime in the postseismic
interval (Wang & Hu, 2006).
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Figure 3-9. The stress state of the décollement in the Nankai Trough inferred from the pore
pressure results by overconsolidated model.

According to the theory of dynamic Coulomb wedge, when the wedge is in a stable state, y, and
¥, 1n equation (3-12) becomey, and v, and there is always an equivalent solution to the critical
state for a given wedge geometry. ¥, is the angle between o, and the décollement surface at
stable state, whereas y/, is the angle between o, and the slope surface. With a friction coefficient

of 0.27 after Ikari and Kopf (2017) as well as the same parameters in section 4.1, we solved
equation (3-12) at stable state using equations (3-16) and (3-17) in Wang and Hu (2006) and
obtained an in situ effective stress ratio K = 0.61. This value is similar to K = 0.59 calculated from
the friction angle of 15°. In NC and OC models, a key parameter determined by the state of

Coulomb failure is 17, which controls the pore pressure results (Figure 4). Based on equation (3-
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5), n. is a function of effective stress ratio K. Therefore, although both NC and OC models assume

a state of Coulomb failure which is not applicable to Nankai accretionary prism, the error of pore
pressure estimates should be small considering the difference between K = 0.59 and K = 0.61 is
negligible. Our study shows that NC and OC models are not limited to the accretionary prism at
Coulomb failure, but can be expanded to a dynamic Coulomb wedge in a stable state, if the in situ
effective stress ratio is acquired.

3.6.3 Implications for Submarine Landslides in Subduction Zones

In subduction zones, the submarine landslide is another destructive threat to populated coastal
cities in addition to earthquakes (e.g., Hornbach et al., 2010). Many submarine landslides are
triggered by earthquakes (e.g., Stigall & Dugan, 2010). But it has been widely recognized that the
recurrence rates of submarine landslide are obviously lower than those of large earthquake in high
seismicity areas (e.g., McAdoo et al., 2000; McAdoo et al., 2004; Strozyk et al., 2010). Seismic
strengthening, which hypothesizes that small earthquakes tend to strengthen the slope material by
seismic loading, has been invoked to explain this phenomenon (e.g., Locat & Lee, 2002). Ikari and
Kopf (2015) further related seismic strengthening to overconsolidation where apparent increases
of cohesion and thus shear strength were observed in clayey sediments when OCR >4. Based on
our results, we suggest that overconsolidation can suppresses the development of excess pore
pressure during and after earthquakes, which inhibits the shear strength of slope material from
decreasing and reduces the likelihood of slope failure. This is supported by recent undrained cyclic
triaxial tests where the excess pore pressure in overconsolidated clays after cyclic loading is
obviously less than that in normally consolidated clays (Shi et al., 2018). Using the pore pressure
estimates in the Nankai Trough, OCR=2 inhibits 50% excess pore pressure while OCR=4 inhibits
90% excess pore pressure. Therefore, our findings provide a supplement to the explanation for the
slope failure behavior in seismically active regions. Compared with Ikari and Kopf (2015), our
explanation is applicable to all kinds of slope material and does not require OCR values to reach
4.

3.7 Conclusions

In this study, we explored the effect of overconsolidation on pore pressure development by
introducing the consolidation state of sediments into the model proposed by Flemings and Saffer
(2018). The overconsolidated sediment in the Nankai Trough generates 40%~50% less excess pore
pressure than the normally consolidated sediment, suggesting that overconsolidation inhibits the
development of excess pore pressure. The lower excess pore pressure in overconsolidated
sediments is attributed to the decrease of loading efficiency. This provides a supplement to the
explanation for the slope failure behavior in seismically active regions: overconsolidated
sediments suppress the pore pressure build-up and thus inhibit the shear strength of slope material
from decreasing, which reduces the likelihood of slope failure. But on the other hand, the inhibition
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of excess pore pressure development in the deep-seated sediment facilitates the instability of faults
and thus the generation of earthquakes by driving the friction stability parameter { more negative.
Our pore pressure estimates yield a low shear strength (< 2.2 MPa) of the décollement in the
Nankai accretionary prism off Muroto Peninsula, while the shear stress (< 0.4 MPa) is even
considerably lower. This implies that the accretionary prism is not at Coulomb failure.
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Abstract

As a critical parameter controlling the dynamics of subduction zones, pore fluid pressure has not
been well quantified in the North Sumatra subduction zone where the 2004 great Sumatra-
Andaman earthquake occurred. Using consolidation experiments and numerical modeling work,
we provide robust estimates of pore pressure at IODP Sites U1480 and U1481, ~225 km seaward
of the trench. Our data reveal moderate excess pore pressure in a horizon which is considered as a
proto-décollement. We further simulated the pore pressure evolution through a one-dimensional
sedimentation-flow model which accounts for the sedimentation rate and silicate dehydration. The
modelling results show that ~50% of the excess pore pressure at the present is attributed to high
sedimentation rate while the other half is caused by silicate dehydration. With the rapid burial and
progressive silicate dehydration, the excess pore pressure continuously increases and reaches a
high level corresponding to a pore pressure up to 96% of lithostatic stress. At the deformation front,
silicate dehydration contributes ~66% of the excess pore pressure and correspondingly the
overpressure contribution from rapid sedimentation decreases to ~34%. Based on our results, high
excess pore pressure is inferred along the décollement and is invoked to explain the landward-
vergent frontal thrusts. We suggest that the high excess pore pressure in the near-trench faults
facilitates the propagation of coseismic slip all the way to the trench and, thus, potentially increases
the tsunami size in the 2004 great Sumatra-Andaman earthquake.

4.1 Introduction

The plate-boundary thrust faults in subduction zones host the largest earthquakes (Pacheco &
Sykes, 1992). Based on the prevailing model of seismogenic behavior in subduction zones, the
material in the outer subduction thrust system is aseismic and the seismic rupture cannot propagate
to the trench (e.g., Moore & Saffer, 2001). However, coseismic slip extending closely to the trench
was inferred in the 2004 Sumatra-Andaman and 2011 Tohoku earthquakes (e.g., Bletery et al.,
2016; Fujiwara et al., 2011). Multiple studies using different approaches consistently suggested
that the 2004 Sumatra-Andaman earthquake had a large rupture extent and a slip of 10-20 m near
the trench was estimated (Chlieh et al., 2008; Henstock et al., 2006; Rhie et al., 2007). For

65


mailto:jzhang@marum.de

comparison, more than 60 m horizontal displacement and an uplift of 5 m were measured in the
frontal wedge after the 2011 Tohoku event (Ito et al., 2011). This challenges the classical
subduction earthquake model. To understand the mechanism of shallow coseismic rupture,
increasing attention has been paid to the physical and mechanical properties of the forearc wedge.

In the North Sumatra subduction zone where the 2004 Sumatra-Andaman earthquake occurred,
several key features have been revealed by seismic reflection profiles. The oceanic plate is covered
by thick sediment succession up to 5 km (McNeill & Henstock, 2014). A high amplitude negative
polarity (HANP) seismic horizon was found ~500 m above the oceanic crust and was interpreted
as a candidate that will develop into the plate-boundary décollement (Dean et al., 2010). Different
deformation styles were observed and landward vergence of the frontal thrusts was discovered in
the near-trench rupture zone with highest slips (Moeremans et al., 2014). The thick sedimentary
sequence is considered to facilitate lithification of the sediments and to shift the seismogenic zone
more seaward relative to the normal earthquakes (Geersen et al., 2013; Gulick et al., 2011). Recent
geochemistry modeling work further suggests that complete silicate dehydration is achieved prior
to subduction and is thought to drive the unexpected large shallow slip (Hiipers et al., 2017). The
HANP reflector represents a low-velocity layer (Qin & Singh, 2017) and might also be related to
the dehydration of silicates (Hiipers et al., 2017). Regarding the main tsunami source, the large
near-trench rupture has been linked to the unusual landward-vergent frontal thrusts in the
accretionary prism (Cubas et al., 2016; Moeremans et al., 2014).

Although previous studies have expanded our knowledge of the North Sumatra forearc wedge,
pore pressure as a critical parameter controlling the dynamics of subduction zones, has not been
well quantified in the region. In this study, we sampled the incoming sediments and conducted
uniaxial consolidation experiments to investigate the pore pressure seaward of the trench. The
experimental pore pressure estimates were compared with the results derived from moisture and
density (MAD) data. Through a one-dimensional sedimentation-flow model, which accounts for
the sedimentation rate and silicate dehydration, we further simulated the pore pressure evolution
and inferred the pore pressure state in the accretionary prism. Based on our pore pressure results,
we explain the key features in the North Sumatra subduction zone and provide a plausible
explanation for the occurrence of large tsunamis such as that in 2004.

4.2 Geological Setting

The North Sumatra subduction zone is located at the northern plate boundary where the Indo-
Australian plate is subducting beneath the Sunda plate with a subduction velocity of ~4 cm/year
(McNeill & Henstock, 2014) (Figure 4-1). Many earthquakes including the My 9.2 2004 Sumatra-
Andaman (Ammon et al., 2005) and the My, 8.6 2005 Nias (Walker et al., 2005) events happened
in this region. To investigate the properties of the incoming sediments to the North Sumatra and
explore their effect on the generation of earthquakes and tsunamis, recent International Ocean
Discovery Program (IODP) Expedition 362 recovered the sediment succession at Sites U1480 and
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U1481 (McNeill et al., 2017a). The drill sites are ~225 km seaward of the trench (Hiipers et al.,
2017). The recovered sediment represents the southern portion of the ruptured material in the 2004
earthquake before subduction and six lithologic units were identified (McNeill et al., 2017a): Unit
I is the Nicobar Fan succession and comprises calcareous clay, fine grained sand and clay, and
silty clay; Unit II is also the Nicobar Fan facies, composed of sandy silt and fine-grained sand
dominated upper subunits and silt/siltstone and clay/claystone dominated lower subunits; Unit I1I
is the prefan pelagic deposit and mainly contains claystone and tuffaceous silty claystone; Unit IV
and V are igneous and intercalated pre-fan pelagic materials including basaltic flow, tuffaceous
and volcaniclastic sandstone, volcanic breccia, calcareous claystone and chalk; Unit VI is basalt
and interpreted as oceanic crust. Among them, Unit III is thought to correspond to the HANP
seismic layer and will develop into the plate-boundary décollement (McNeill et al., 2017a).
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Figure 4-1. Geological setting of the North Sumatra subduction zone and the locations of IODP
Sites U1480 and U1481. Figure made with GeoMapApp (www.geomapapp.org; Ryan et al., 2009).
Red shading marks the major rupture zones in the My 9.2 2004 earthquake (Meltzner et al., 2012).
Arrows and numbers indicate subduction directions and velocities (McNeill & Henstock, 2014).

The MAD data at Sites U1480 and U1481 (Figure 4-2) show that the porosity decreases rapidly
from ~80% to ~50% in Unit I, after which the decreasing rate of porosity becomes slow and the
porosity gradually decreases to ~30% at 1497 mbst (meters below seafloor). This gradient of
porosity decrease is lower compared to other incoming sediments to subduction zones such as
Northern Barbados (e.g., Moore & Saffer, 2001) or Nankai Trough (e.g., Henry et al., 2012a,
2012b; Saito et al., 2010a, 2010b). The general decreasing trend of porosity in sand/sandstone and
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mud/mudstone is similar, whereas the porosity of calcareous claystone, tuffaceous mudstone and
sandstone as well as igneous rock shows obvious deviation. For mud/mudstone, abnormal high
porosity is observed in Unit III, which might imply a fluid-rich horizon. In the depth profile of
chloride concentration (Figure 4-2), the chlorinity at Site U1480 increases slowly from ~560 mM
at the seafloor to ~580 mM at the bottom of Unit II, followed by a sudden decrease to as low as
522 mM in Unit III. At Site U1481, a similar sharp decrease is visible in Unit III but shifts
downward to a depth of 1367-1495 mbsf. Geochemical modeling suggests that the rapid decrease
of chlorinity is attributed to the silicate dehydration (Hiipers et al., 2017). Together with the
scattered but somewhat increased porosity, excess pore pressure is expected in Unit III.
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Figure 4-2. Depth profiles of porosity and chlorinity at IODP Sites U1480 and U1481 after
McNeill et al. (2017a). Roman numerals indicate lithologic units. Calcareous represents calcareous
claystone. Tuffaceous represents tuffaceous mudstone and sandstone.

4.3 Experimental Analysis

4.3.1 Sample Material and Consolidation Experiment

In this study, we investigated a total of 17 whole round samples collected from IODP Sites U1480
and U1481. Fourteen samples originate from Site U1480 between 89 and 1333 mbsf and include
mud/mudstone, sand/sandstone, tuffaceous claystone and tuffaceous sandstone, whereas three
mudstone samples are from 1193 to 1492 mbsf at Site U1481 (Table S4-1). All the samples were
sealed and stored in the core liner at 4 °C to maintain the natural water content after recovery.
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The samples were hand-trimmed into cylinders with a constant diameter of 25.4 mm and a height
of ~10 mm. Then we conducted consolidation experiments in accordance with ASTM
D2435/D2435M-11 (ASTM International, 2011) to derive the preconsolidation stress and pore
pressure for each sample. The preconsolidation stress represents the maximum vertical effective
stress that the sediment has experienced (Casagrande, 1936) and is denoted by o, . For the
consolidation experiments, a uniaxial incremental loading oedometer was used. The samples were
placed in the oedometer cell and kept saturated with artificial seawater (35%o), after which we
applied load on the samples and increased the load regularly. The load applied on the samples was

initially doubled, and then smaller increments were used when the load approached o-'pc , so that

o-;n, can be determined more precisely (e.g., Brumund et al., 1976). Because o-;,c was unknown

before the test, we took the hydrostatic vertical effective stress ( o,, ) as a reference, where o, is
the lithostatic stress (o, ) less the hydrostatic pore pressure (P,,). The lithostatic stress was

calculated by the integral of the shipboard measured bulk density data. During the consolidation
test, each load was maintained for 24 hours to dissipate the excess pore pressure completely. Based
on the o, estimates, the expected o, stresses cover a large range of 0.7-17.5 MPa. Therefore,

we increased the maximum load for deep samples to produce more data points at higher stresses,
so that o, could be determined with more precision. In this study, a maximum load of up to 46.5

MPa was employed, which means our data generally can be applied to a depth of 4-5 kmbsf
(kilometers below seafloor). For each sample, the change of the sample height under each load
was recorded continuously by a linear variable displacement transducer (LVDT) throughout the
experiments. We then derived the permeability under different stresses using the continuous time-
deformation data (Taylor, 1948).

4.3.2 Evaluation of Consolidation Behavior

The consolidation behavior of the samples is illustrated in semi-logarithmic stress-strain and
square-root time-strain plots (Figures 4-3 and 4-4). In the stress-strain plot (Figure 4-3), the loading
curve is divided into two parts by a yield point which is normally interpreted as o, . The loading

curve before a;m represents the elastic recompression phase, whereas after a;m deformation is

elasto-plastic and called virgin consolidation (e.g., Knappett & Craig, 2012). In this study, we
estimated a;x, by a modification of the widely used Casagrande method (McNulty et al., 1978)

and the Becker method (1987). To evaluate the uncertainty of o, estimates, we also determined
the maximum and minimum o, values. Following Saffer (2003), the maximum and minimum

values from the modified Casagrande method were acquired from the applied stress at which the
strain starts to deviate from the virgin compression and recompression lines, respectively (Figure
4-3). For the Becker method, the maximum o, value was obtained similarly as in the modified
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Casagrande method, whereas the minimum o, value was derived by extrapolating the post-yield
line to zero work (Figure 4-3). Considering the estimated maximum and minimum 0;70 values give
over-conservative estimates, we took the smaller maximum o, and larger minimum o, values

as the final estimates (e.g., Zhang et al., 2021). The laboratory data are shown in the supplementary
material (Table S4-2).
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Figure 4-3. An example of the preconsolidation stress estimates based on the modification of the
widely used Casagrande method (McNulty et al., 1978) and the Becker method (1987). Red dots
mark the estimated preconsolidation stress. Blue dots mark the minimum and maximum possible
preconsolidation stress.

Based on the continuous time-deformation data (Figure 4-4), we determined the coefficient of
consolidation (¢,) under different stresses following the Taylor method (1948). With the estimated
¢y values, we calculated the degree of progressive consolidation with time using the theory of
consolidation (e.g., Knappett & Craig, 2012). The result was compared with the experimental data
to check the accuracy of ¢, values (Figure 4-4). Then the ¢, value was employed to estimate the
permeability by (e.g., Knappett & Craig, 2012):

k=c,-m -u (4-1)

where k is the permeability, m, is the coefficient of volume compressibility calculated from the
experimental data and y is the viscosity of pore water (0.001 Pa s) at room temperature.
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Figure 4-4. An example of the ¢, calculation procedure using time-deformation curve by Taylor

method (1948). Inset: Evaluation of the calculated ¢, by comparing the time factor-consolidation
degree curve from experimental data with that estimated from ¢, value.

In this study, the o, estimates from the modified Casagrande method (McNulty et al., 1978) and
the Becker method (1987) are quite similar (Figure 4-5). The o, values generally increase with
depth and several lower values than o, are revealed (NO.04-06, NO.14, NO.17). The

consolidation state of sediments is typically evaluated by the overconsolidation ratio (OCR) which

is defined as the ratio of o, to the in situ vertical effective stress (o,) (e.g., Knappett & Craig,

2012). OCR = 1 indicates normally consolidated sediments, while OCR > 1 indicates
overconsolidated sediments (e.g., Knappett & Craig, 2012). Although &, is unknown, it should

be similar to o, or less than o, in case of overpressure at a uniaxial burial stress regime (e.g.,
Kitajima & Saffer, 2014; Screaton et al., 2002). We therefore compared o, with o, and found
most a'pc values are larger than o, values at the same depth (Figure 4-5). These samples are

inferred to be overconsolidated, which might result from secondary consolidation and diagenesis
(e.g., Bjerrum, 1973; Locat & Lefebvre, 1986). This is supported by the observed authigenic clays
and carbonates as well as elevated 8’Sr/%6Sr ratio in pore fluids (Torres et al., 2020). For the samples

with o < o,,, we concluded that the sediments are overpressured.

Also, we defined the in situ permeability by matching the applied stress with o, (see section 3.3

for o, calculation). The permeability generally decreases with depth and a decrease by nearly
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three orders of magnitude is observed (Figure 4-5). The samples with o < o,, have relatively

low permeability (k < 1.5x107'7 m?), which is consistent with the inference of overpressure. For
the sand sample at 337 mbsf (NO.05), the corresponding permeability is increased by one order of
magnitude (k = 2.0x10'® m?). This implies that it might be isolated by low-permeability mud,
which inhibits the drainage of pore fluids and causes the excess pore pressure.
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Figure 4-5. Estimated preconsolidation stress and in situ permeability at IODP Sites U1480 and
U148]1.

4.3.3 Estimates of Pore Pressure

Based on the Terzaghi's effective stress theory and the definition of OCR, the pore pressure P can
be estimated after Zhang et al. (2021) by:
o,
P=0c,-—=X (4-2)
OCR

To calculate the OCR values, we assumed o, = o, in Units IIA and [IB considering that (1) the

porosity decreases continuously with depth (Figure 4-2), (2) the lithology is dominated by
sand/sandstone, and (3) most of the linear sedimentation rate (LSR) is relatively low (McNeill et

al., 2017b). However, the data with &, < o, (NO.04-06) were excluded since the assumption

(o, = o,,) does not apply. In contrast, although the LSR at 81-206 mbsf is up to 362 m/Myr, the

data were included because (1) the samples are mainly sand, and (2) the subsequent loading rate
(LSR above this horizon) is relatively low (McNeill et al., 2017b). Based on the estimated OCR
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values, we acquired an average OCR = 1.86 and calculated the pore pressure at Sites U1480 and
U1481 by equation (4-2).

For an uniaxial burial stress regime, the porosity/void ratio (e) is mainly governed by &, and hence

porosity/void ratio is widely used to estimate pore pressure (e.g., Screaton et al., 2002). Many
equations for pore pressure prediction using porosity/void ratio or other equivalent parameters
have been proposed (e.g., Eaton, 1972; Flemings & Saffer, 2018; Rubey & Hubbert, 1959). In this

study, we used a method building on the relationship between the specific volume (1+¢) and o,
to derive pore pressure (Butterfield, 1979). This method considers the compressibility variation

under different stress levels and has been successfully applied to a large stress range (e.g., Long et
al., 2011). The equation is expressed in a form as:

In(v) = 1-In(c) + In(v, ) (4-3)

where v is the specific volume, v, is the specific volume under an effective stress of unity and 4 is
the slope on the In(v)-In( o, ) plot (Figure 4-6). We used our consolidation data from the virgin

compression phase to derive the empirical parameters in equation (4-3). However, the data points
under relatively low effective stress (< 3 MPa) are absent because the stress in virgin compression
is high. To determine an equation that can be applied to the whole depth range, we included the
shipboard MAD data above 200 mbsf. The o, was assumed to be equal to o, , because (1) the
sand content is high, (2) the recent LSR is low (McNeill et al., 2017b), and (3) the in situ
permeability is relatively high (Figure 4-5). The combination of the consolidation and MAD data
yielded a 4 =-0.14 and a In(v,) = 1.65 (Figure 4-6). This equation can be applied from the seafloor
to a depth of 4-5 kmbsf, because the data points cover a stress range of 0-46.5 MPa. With this
equation, we estimated the pore pressure at Sites U1480 and U1481 using MAD data.

2.0

0-200 mbsf

1.6 + Consolidation

12
=
=

08 |

04 F 1) = -0.14-In(6,) + 1.65

R>=0.82
0.0 - ' - - '
0 2 4 6 8 10 12

In(e,) (kPa)

Figure 4-6. The relationship between specific volume and vertical effective stress for
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mud/mudstone at IODP Sites U1480 and U1481 derived from MAD measurements at 0-200 mbsf
and consolidation data.

Our results show that the pore pressure estimates derived from Casagrande method and Becker
method are similar (Figure 4-7, equation (4-2)). The maximum pore pressure difference between
these two methods is 0.87 MPa and the difference as a percentage is generally below 6.4%. The
error bar is relatively narrow and its width is smaller than 2.8 MPa with one exception of 4.2 MPa
at 1153 mbsf. For the convenience of description, only results by the modified Casagrande method
are discussed.
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Figure 4-7. Pore pressure estimates derived from consolidation and MAD data at IODP Sites
U1480 and U1481.

The experimental pore pressure estimates from Unit IIA show that the upper part of Unit IIA is
hydrostatic while the lower portion is overpressured with an excess pore pressure up to 1.9 MPa.
The pore pressure results from MAD data are in good agreement with experimental estimates and
indicate the excess pore pressure is not continuous. This is consistent with the concept that
although the high sand content does not facilitate excess pore pressure generation, high pore
pressure can be maintained when the sediment such as the sand sample at 337 mbsf is isolated by
low-permeability mud (e.g., Zhang et al., 2019). For the Units [IB and IIC, our experimental data
also reveal excess pore pressure in a range of 1.6-4.3 MPa. The pore pressure estimates are
consistent with the results from MAD data. Despite fluctuation, the MAD pore pressure estimates
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show that overpressured sediment is distributed throughout Units IIB and IIC with an average
excess pore pressure of 2.4 MPa.

In contrast to Unit II, our experimental pore pressure data indicate a high average excess pore
pressure of 6.9 MPa in Units III and I'V. The pore pressure results from MAD data are generally
consistent with the experimental estimates. The high pore pressure in Unit III is in agreement with
the observed HANP reflection in the seismic profile which is considered as potential candidates
for the localization of the décollement (Dean et al., 2010). Geochemistry modeling shows that the
transition from opal-A to opal-CT to quartz is nearly completed in Unit III (Hiipers et al., 2017),
which explains the distinct higher excess pore pressure relative to Unit II. Considering the
lithology in Unit IV is mainly composed of tuffaceous and volcaniclastic sandstone, basaltic flows
and volcanic breccia, we suggest that the high pore pressure in Unit IV might be produced by
pressure transmission from highly overpressured Unit III.

4.4 Numerical Modeling of Pore Pressure Evolution

4.4.1 Numerical Model and Implementation

To investigate the pore pressure evolution in the horizon of the potential décollement as the
sediment approaches the subduction zone, we used a one-dimensional sedimentation-flow model,
which accounts for the sedimentation rate and silicate dehydration. Following Gordon and
Flemings (1998), the pore pressure evolution is described by:

a_P—ig E(a_P_ J + 80V+L8_V (4 4)
o s, olule )T w7, a
S, =m, +¢',Bf (4-5)
Sp,=m,+@- ﬁf (4-6)
— mvl
T (47
mv1+¢.ﬁf

where ¢ is the time, S; is the storage coefficient, z is the burial depth, £ is the vertical permeability,
u 1s the temperature-dependent viscosity of pore water, p is the water density, g is the gravity

acceleration, y is the loading efficiency, 68_V is the fluid production rate generated by silicate
t

dehydration, ¢ is the porosity, m, is the coefficient of volume compressibility for the formation,

and f,is the coefficient of volume compressibility for the pore water. Because the m, value for the

formation is different in the loading and unloading phases, we included m, and m, which

represent the coefficients of volume compressibility for the formation in the loading and unloading
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phases, respectively. Correspondingly, we had S;1 and S, which represent the storage coefficients
for the fluid drainage (loading) and fluid generation (unloading), respectively.

Our numerical model covers a time range of -9.5 Ma before present (onset of Unit II deposition)
to 6.4 Myr into the future when a final depth of 5 kmbsf was reached, corresponding to the
maximum burial depth of the incoming sediment at the deformation front (McNeill & Henstock,
2014). For the boundary conditions, we assumed a hydrostatic boundary at the seafloor and no
fluid flow at the base of the system. In our simulation, we adopted p = 1024 kg/m? (e.g., Zhang et
al.,, 2021) and ;= 4.4x10"° Pa’! (e.g., Fetter, 2013). The porosity was governed by the vertical
effective stress based on equation (4-3) and a hydrostatic pore pressure was assigned to the
sediment at the time of burial. The vertical permeability was derived from the porosity according
to the log-linear permeability-porosity relationship established using our consolidation data
(Figure 4-8). The temperature dependent viscosity of pore water followed Huyakorn and Pinder
(1978) and the temperature was calculated by a thermal gradient of 44.4°C/km (McNeill et al.,
2017b). The fluid production rate was the sum of fluid production from opal-A to opal-CT to
quartz and clay dehydration with a clay content of 50% to a final burial depth of 5 kmbsf in Hiipers
et al. (2017). Based on the definition of the coefficient of volume compressibility, we derived m,,

from equation (4-3):

m, =— (4-8)

Therefore, a pore pressure dependent m,,; value was used in our simulation. In contrast, a constant

m,, =2x107 Pa’! averaged from our consolidation data in the unloading phase was utilized. For the

sedimentation loading aa" , we used two constant sediment rates to simplify the calculation. An
t

average sediment rate of 372 m/Myr from -9.5 Ma to the present was assigned to the Nicobar Fan
sediment, which fulfils the current burial depth of Unit III reaching ~1327 mbsf. For the
subsequent sedimentation, we specified an average sediment rate of 1780 m/Myr until 6.4 Myr
after the present to make the burial depth of Unit III reach ~5 kmbsf. These two sedimentation
rates are higher but equivalent to the average LSR of 139 m/Myr and 575 m/Myr used by Hiipers
et al. (2017), because a high initial porosity of 80% was assumed in our model.
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Figure 4-8. The relationship between porosity and permeability at IODP Sites U1480 and U1481
derived from consolidation data.

4.4.2 Modeling Results and Implications

Our modeling results (Figure 4-9) show that the modeled pore pressure estimates are well
constrained by the average pore pressure derived from consolidation experiments. The pore

pressure in Unit III increases with time continuously and reaches a peak pore pressure ratio (P/ o, )

0of 0.96 in 4.18 Myr. The modeled excess pore pressure at the present is 6.0 MPa whereas that at
the deformation front is 37.7 MPa. The assigned two high average sedimentation rates lead to
constant overpressure generation rates of 1.2 and 5.6 MPa/Myr, respectively. In comparison, the
silicate dehydration overpressure rate increases with time and reach a peak rate of 26.4 MPa/Myr
at 3.74 Myr, after which the overpressure generation rate decreases continuously. The silicate
dehydration overpressure rate is divided into two stages. The first stage (from -8 Ma to the present)
is mainly related to the transition from opal-A to opal-CT to quartz, whereas the second phase
(from the present to 6.4 Myr) is dominated by clay mineral dehydration (Hiipers et al., 2017). Also,
we quantified the overpressure contribution from both rapid sedimentation and silicate dehydration
by the integral of overpressure generation rate over the time. For the present state, ~50% of the
excess pore pressure is attributed to the silicate dehydration while the other half is caused by the
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high sedimentation rate. With the progressive clay dehydration, the silicate dehydration makes an
increasing contribution to the overpressure generation. At the deformation front, the overpressure
contribution from silicate dehydration increases to ~66%. Correspondingly, the overpressure
contribution from rapid sedimentation decreases to ~34%. In comparison with previous studies
emphasizing the excess pore pressure driven by silicate dehydration (Geersen et al., 2013; Gulick
et al., 2011; Hiipers et al., 2017), our results further suggest an overpressure contribution from
high sedimentation rate and provide quantitative constraints. This explains the relatively low but
wide-spread excess pore pressure in the Nicobar Fan sediment estimated by both the consolidation
and MAD data. Further, the existence of excess pore pressure provides a plausible explanation for
the obvious lower decreasing rate of porosity relative to other subduction zones.
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Figure 4-9. Modeled pore pressure evolution and overpressure rate generated by sedimentation
and dehydration at IODP Site U1480. Present time is 0 Myr. The experimental estimate (red dot)
represents the average pore pressure derived from consolidation data.

Although our numerical model is one-dimensional and simplifies the sedimentary processes and
silicate dehydration, the modeled pore pressure estimates support the existence of a low-velocity
layer in the seismic profile (Qin & Singh, 2017) which may be the proto-décollement (Dean et al.,
2010). In an extensional stress setting, Behrmann (1991) suggested that in a normal faulting regime
hydrofracture can occur when the pore pressure ratio reaches 0.7-1. The critical pore pressure ratio
depends on the cohesion of sediments. Considering the present pore pressure ratio is larger than
0.7, the sediment in Unit III could be hydrofractured. The hydrofracture increases the permeability
of sediments and leads to the updip migration of overpressured fluids. The updip migrated
overpressure fluids may lead to further hydrofracture in overlying sediments and create large scale
normal faults. This is supported by the frequently observed high angle normal fault in the seismic
profile (McNeill et al., 2017b). These normal faults may serve as fluid flow pathways and facilitate
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dewatering of overpressured thick sediments. However, high pore pressure is still maintained
considering (1) dewatering can be partially compensated by continuous silicate dehydration and
(2) the HANP reflector is clearly observed seaward from the deformation front (Dean et al., 2010).

In the North Sumatra accretionary prism, previous studies revealed the uncommon landward-
vergent frontal thrusts (e.g., McNeill & Henstock, 2014; Moeremans et al., 2014). The landward
vergence of the frontal thrusts was simply interpreted to be related to a low basal shear strength
(e.g., Adam et al., 2004) or a thick incoming sediment succession (Moeremans et al., 2014)
supported by sandbox experiments with low basal friction showing conjugate thrusts (Seely, 1977).
Further analog experiments using a ductile basal layer suggested that the landward vergence is
associated with a certain range of strain rates (Gutscher et al., 2001), while Cubas et al. (2016)
argued that the sudden decreases of the friction along the megathrust caused by dynamic
weakening is responsible for the formation of landward-vergent frontal thrusts through mechanical
analysis. In comparison, Zhou et al. (2016) accounted for the lateral friction in sandbox
experiments and proposed that both low basal friction and landward-directed lateral friction
exerted by the lateral strike-slip faults are the key factors resulting in landward-vergent structures.
The landward-vergence of frontal thrust in the North Sumatra seems can be explained by this
mechanism. Although strike-slip faults parallel to the subduction direction are not observed, the
increased subduction velocity to southeast may induce an additional landward force. Together with
the significantly decreased basal friction by high excess pore pressure, the landward-vergent
frontal thrusts is likely to form in the accretionary prism and cause large near-trench rupture during
earthquakes (e.g., Cubas et al., 2016; Moeremans et al., 2014).

Based on the previously reported seismic profile, the HANP reflector becomes less clear and
uncontinuous landward from the trench (Dean et al., 2010), which implies that the décollement is
heterogeneous and the pore pressure beneath the outer prism may drop to a low level if sufficient
drainage happens. Low pore pressure patches are very likely to exist because the silicate
dehydration has been completed before plate subduction (Hiipers et al., 2017) such that the
discharged fluids cannot be compensated by the water released from dehydration. Based on our
interpretation, the uncontinuous reflector might represent interweaved patches with high and low
pore pressures, while the absence of HANP could indicate sufficient dewatering. Given that the
negative polarity is observed up to ~20 km landward from the trench (Dean et al., 2010), high pore
pressure might be widely distributed. This is supported by the distribution of landward-vergent
frontal thrusts (Moeremans et al., 2014). An earlier explanation for the 2004 Sumatra tsunamigenic
earthquake mainly focuses on the advanced diagenesis driven by thick sediment which shifts the
seismogenic zone and coseismic slip seaward (Geersen et al., 2013; Hiipers et al., 2017). We
suggest that the weak décollement mechanism cannot be ruled out. Park et al. (2014) proposed that
the tsunamigenic earthquake is related to the different behaviors in unstable and conditionally
stable patches. The low pore pressure patches act as unstable regions and initiate earthquakes,
whereas the high pore pressure patches are conditionally stable and facilitate the propagation of
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coseismic slip when a nearby earthquake is triggered. Although the thickly buried sediment does
shift the earthquake nucleation seaward, the near-trench coseismic slip may be enhanced by the
high excess pore pressure.

In summary, the thick sediment in the North Sumatra subduction zone enhances the diagenesis
(e.g., Geersen et al., 2013) and elevates the pore pressure by rapid burial. The complete silicate
dehydration not only alters the frictional behavior of sediments and shifts the seismogenic zone
seaward (e.g., Hipers et al., 2017), but also further weakens the sediments by generating high
excess pore pressure. The resulting low basal friction and the landward-directed lateral friction
exerted by higher subduction velocity to the southeast lead to the landward-vergent frontal thrusts
(Zhou et al., 2016) which is regarded as an important source of shallow slip (e.g., Cubas et al.,
2016; Moeremans et al., 2014). Therefore, when an earthquake nucleates in the seaward shifted
seismogenic zone, the near-trench weak faults provide little resistance such that the coseismic slip
propagates all the way to the trench (Faulkner et al., 2011) and results in tsunami hazard, as seen
in the My 9.2 2004 Sumatra-Andaman event.

4.5 Conclusions

Based on consolidation experiments and numerical model, mainly hydrostatic to low excess pore
pressure is reveled at [ODP Sites U1480 and U1481, while a horizon which is considered as
potential candidates for the localization of the décollement shows moderate excess pore pressure.
The excess pore pressure results from high sedimentation rate and silicate dehydration according
to a one-dimensional sedimentation-flow model which accounts for the sedimentation rate and
silicate dehydration. Extending landward, the excess pore pressure increases continuously and the
dehydration of silicate makes an increasing contribution to the generation of excess pore pressure.
The pore pressure in the proto-décollement horizon reaches >90% of the lithostatic stress before
plate subduction and thus high excess pore pressure is inferred along the décollement in the North
Sumatra subduction zone. Together with the landward-directed lateral friction exerted by higher
subduction velocity to the southeast (McNeill & Henstock, 2014), the high excess pore pressure
might lead to the landward vergence of frontal thrusts. We further suggest that the high excess
pore pressure significantly decreases the resistance along faults which make the coseismic slip
propagate all the way to the trench and increases the tsunami size when an earthquake happens.
This provides a plausible explanation for the occurrence of the My, 9.2 2004 Sumatra-Andaman
tsunamigenic earthquake.
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Supplementary Material

Table S4-1. Details of the whole round samples in this study.

Sample NO. Site Hole Unit Depth (mbsf) Lithology
NOO1 U1480 E oA 89 Mud
NOO02 U1480 F oA 154 Sand
NOO03 U1480 F oA 199 Sandy mud
NO04 U1480 F oA 306 Mud
NOO05 U1480 F oA 337 Find sand
NOO06 U1480 F 1B 612 Mud
NOO07 U1480 G 11B 778 Mud
NOO08 U1480 G 1c 863 Mud
NO09 U1480 G 1c 950 Mud
NO10 U1480 G 1c 991 Mud
NO11 U1480 G 1c 1153 Mud
NO12 U1480 G 1c 1250 Mud
NO13 U1480 G 111B 1318 Tuffaceous clay
NO14 U1480 G v 1333 Tuffaceous sand
NO15 U1481 A I 1193 Mud
NO16 U1481 A m 1376 Mud
NO17 U1481 A 1 1492 Mud

Table S4-2. Results of the consolidation experiments

Sell\]ngle gr)lj:é);g o (Pa) Phy (Pa) O'hy (Pa) c Ecp_;:)asa c p(ci)Bae)cker c(p}(;_an)qm o (p}c)_;;ax

NOO1 89 1624277 894446 729831 1461015 1561394 1005653 2904042
NO02 154 2814542 1522487 1292055 3554604 3638650 2874075 3872057
NOO03 199 3758659 2006275 1752383 2240337 3322947 1980013 3872057
NO04 306 5901176 3077019 2824158 1838637 1872353 1192317 2516837
NOO05 337 6498960 3386921 3112039 2273148 3097837 1558809 3484851
NO06 612 12001423 6151225 5850198 2808823 3990428 2496210 4356064
NOO07 778 15371351 7812841 7558511 10707351 10098685 7647218 12100177
NOO08 863 17183760 8672128 8511632 8943623 9267456 6849631 12100177
NO09 950 19026861 9544775 9482086 12634239 12935057 8318359 13552198
NO10 991 19921797 9956136 9965661 15481721 14826569 13552198 15488226
NO11 1153 23428470 11582694 11845776 23703635 23278628 19360283 27104396
NO12 1250 25544552 12558106 12986447 21266989 22586731 19360283 23232339
NO13 1318 27031088 13245415 13785673 17214084 18639677 17834416 19360283
NO14 1333 27327165 13391476 13935690 10310637 10008074 8413896 13552198
NO15 1193 25888969 11974803 13914165 21593658 19979859 19360283 24200353
NO16 1376 29890425 13805926 16084499 23078538 24705886 19569255 24200353
NO17 1492 32503745 14981550 17522195 12008817 13195461 10384855 15488226
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Abstract

Slow slip events (SSEs) are one type of slip in the full spectrum of fault-slip behaviors and remain
incompletely understood. In this study, we estimated the pore pressure in the Northern Hikurangi
subduction zone and investigated the effects of pore pressure on SSEs. Consolidation experiments
on samples from IODP Site U1520 show that the sediment in trench-wedge facies is
underconsolidated whereas that in pelagic and volcaniclastic facies is overconsolidated. Lithology,
biostratigraphy and seismic reflection data suggest that the trench-wedge facies are
stratigraphically equivalent to the horizon where the active Papaku splay fault occurs at IODP Site
U1518. Based on the consolidation data on trench-wedge facies, a pore pressure prediction
equation for Site U1518 is derived using critical state soil mechanics. Pore pressure 77% of
lithostatic stress is revealed at the top of the Papaku fault, whereas the pore pressure at the bottom
increases to 93% of lithostatic stress. Previous studies have shown that SSEs in the North
Hikurangi subduction zone may propagate to a depth of <2 km below seafloor (kmbsf). Therefore,
SSEs at 2 kmbsf are simulated under above pore pressure conditions according to the rate-and-
state friction theory. The modeling results are comparable to the natural SSEs and indicate that
high pore pressure decreases the recurrence interval of SSEs.

5.1 Introduction

Slow slip events (SSEs) are one type of slip in the full spectrum of fault-slip behaviors, where the
fault slip occurs episodically with too low velocity to produce earthquakes (Wallace, 2020). It has
attracted great attention due to its close relationship with ordinary earthquakes. For example,
Koulali et al. (2017) show that SSEs can trigger large earthquakes by increasing static stress on
the fault plane. In turn, SSEs can also be triggered by distant large earthquakes, because
earthquakes may cause static stress increases (e.g., Wallace et al., 2018) or induce positive stress
perturbation through passing seismic waves (e.g., Wallace et al., 2017).

Although the mechanism governing SSEs is not completely understood, it is accepted that SSEs
may be attributed to the transitional stability of faults (e.g., Saffer & Wallace, 2015). High pore
pressure is a potential factor causing the transition, because highly overpressured sediments is
conditionally stable (Scholz, 1998) and is considered favorable for silent slip (e.g., Kodaira et al.,
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2004). On the other hand, laboratory friction experiments reveal contrasting frictional properties
at different orders of magnitude of velocity, where weak clay-rich fault material behaves as
velocity-strengthening at high sliding velocity and velocity-weakening at low sliding velocity,
respectively (Ikari & Kopf, 2017). The velocity when the velocity-weakening frictional behavior
transitions to velocity-strengthening is referred as the cut-off velocity (e.g., Shibazaki & Iio, 2003).
This transitional friction behavior is favorable for the nucleation of unstable slip at low sliding
velocity, but suppresses the slip propagation at higher velocity (e.g., Saito et al., 2013), which has
been considered as one mechanism of SSEs (e.g., Saffer & Wallace, 2015). Based on this concept,
Im et al. (2020) conduct numerical simulations and reproduce natural SSEs. They suggest that
SSEs can be explained by the transitional frictional behavior at different velocities without
requiring high pore pressure (Im et al., 2020).

However, although a variety of geological environments can host SSEs (e.g., Wallace & Beavan,
2010; Wallace, 2020), one common characteristic is that SSEs mostly, if not all, occur in highly
overpressured regions (Saffer & Wallace, 2015). Therefore, pore pressure is inferred to have an
important impact on SSEs. To understand the effects of pore pressure on SSEs, we sampled the
incoming sediments in the North Hikurangi subduction zone where shallow SSEs are well
documented (Wallace et al., 2016). Through uniaxial consolidation experiments and well-
established pore pressure prediction equation, we estimated the pore pressure at IODP Sites U1520
and U1518. Under the acquired pore pressure conditions, we simulated the shallow SSEs in the
North Hikurangi subduction zone and investigated the effects of pore pressure on SSEs.

5.2 Geological Setting

The Hikurangi subduction zone is located at the plate edge where the Pacific Plate is subducting
westward beneath the North Island of New Zealand (Figure 5-1) with along-strike variations in
subduction velocity from ~2 cm/year in the south to ~6 cm/year at the northern margin (Wallace
et al., 2004). It hosts the best-documented slow slip events (SSEs) with a variety range of size,
duration, recurrence interval and occurrence depth (Wallace et al., 2020). SSEs in the North
Hikurangi subduction zone may propagate to a depth of <2 km below seafloor (kmbsf), which
provide an ideal opportunity to investigate the shallow SSEs (Wallace et al., 2016; Saffer et al.,
2017). Therefore, International Ocean Discovery Program (IODP) Expedition 372/375 recovered
the sediment at Sites U1518, U1519, U1520 and U1526, and installed borehole observatories in
the Papaku fault which might host SSEs (Saffer et al., 2019a).

Site U1520 is ~16 km seaward of the deformation front and six lithologic units were identified
(Barnes et al., 2019): Units I-1II are trench wedge facies and mainly composed of hemiplegic mud
with silt and sand interbeds; Unit IV is pelagic facies and consists of marl dominated upper
subunits and calcareous mudstone and chalk dominated lower subunits; Unit V is volcaniclastic
facies and the volcaniclastic conglomerate is heavily altered; Unit VI has mixed lithologies and is
dominated by volcaniclastic conglomerate and siliceous mudstone. Among them, Unit II is
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interpreted to correspond to the distal edge of the Ruatoria debris avalanche based on seismic
profile data (Barnes et al., 2019). In comparison, Site U1518 locates in the frontal accretionary
prism, ~6.5 km landward of the trench (Saffer et al., 2019a). It penetrated the Papaku fault and
three lithologic units were recognized (Saffer et al., 2019a). All the three units have similar
lithologies including silty clay and mud with thin interbedded silt to silty sand (Saffer et al., 2019b).
Unit I is correspondent to the hanging wall of the Papaku fault while Unit III represents the
footwall (Saffer et al., 2019b). Unit II was considered as the main fault zone and both brittle and
ductile deformation were observed (Fagereng et al., 2019).

Australia
Plate

Pacific

Z 40°8
176°E 177° 178° 179° 180° 179°W

Figure 5-1. Geological setting of the North Hikurangi subduction zone and the locations of IODP
Sites U1520 and U1518. Figure made with GeoMapApp (www.geomapapp.org; Ryan et al., 2009).
Inset is modified from Wallace (2020).

The moisture and density (MAD) data at Site U1520 show that the porosity decreases rapidly from
~70% to 40-50% in Unit I, after which the porosity remains almost constant until reaching the top
of Unit IV (Figure 5-2). Then the porosity decreases from ~50% at 590 meters below seafloor
(mbsf) to ~30% at 720 mbsf, followed by a general increase to ~60% at 1000 mbsf despite
considerable scatter. In contrast, the porosity profile of Site U1518 shows an obvious decrease
from ~70% at seafloor to ~40% at 100 mbsf. Then the porosity only fluctuates slightly to the
bottom of the borehole and two small spikes are recognizable at the Unit IA/IB and Unit II/1I1

85



boundaries. The broad nearly constant porosity at both Sites U1518 and U1520 is indicative of

excess pore pressure.
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Figure 5-2. Depth profile of porosity at IODP Sites U1520 and U1518 after Saffer et al. (2019a).
Roman numerals indicate lithologic units.

5.3 Pore Pressure Estimation and Analysis

5.3.1 Sample Material and Consolidation Experiment

Preconsolidation stress (0, ) represents the maximum vertical effective stress that the sediment

has experienced (Casagrande, 1936) and can be employed to infer pore pressure reliably (e.g.,
Saffer, 2003; Dugan & Germaine, 2008; Zhang et al., 2021). In this study, we conducted
consolidation experiments on whole round samples collected from IODP Site U1520 to derive the
preconsolidation stress and pore pressure. Nine samples are included with four mud/mudstone
from Units I-11I, three marl/chalk from Unit IV and two volcaniclastic conglomerate from Unit V
(Table S5-1). All the samples were sealed and stored in the core liner at 4 °C to maintain the natural
water content after recovery.

The samples were hand-trimmed into cylinders with a constant diameter of 25.4 mm and a height
of ~10 mm and were tested using a uniaxial incremental loading oedometer in accordance with
ASTM D2435/D2435M-11 (ASTM International, 2011). During the consolidation experiments,
we kept the samples saturated with artificial seawater (35%o) and applied regularly increased load
on the samples. The load was initially doubled, and then smaller increments were used when the
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load approached 0, so that 0, can be determined more precisely (e.g., Brumund et al., 1976).

C o

Considering 6;, was unknown before the test, we calculated the hydrostatic vertical effective

C
stress (o, ) by subtracting the hydrostatic pore pressure (P;,) from the lithostatic stress (o, ) and
used o, as areference. The lithostatic stress was computed by integrating the bulk density profile

acquired from MAD data. Each load in the test was maintained for 24 hours to dissipate the excess
pore pressure completely. For each sample, the change of the sample height under each load was
recorded continuously throughout the experiment.

5.3.2 Evaluation of Consolidation Behavior

The consolidation behavior of the sediment is typically evaluated in semi-logarithmic stress-strain
plot (Figure 5-3). In the stress-strain plot, the loading curve is divided into two parts by a yield

point which is normally interpreted as 0;78 (Casagrande, 1936). The loading curve before O';,C

represents the elastic recompression phase, whereas after O':m. deformation is elasto-plastic and
called virgin consolidation (e.g., Knappett & Craig, 2012). In this study, we estimated O';,L. by a
modification of the widely used Casagrande method (McNulty et al., 1978) and the Becker method

(1987). To evaluate the uncertainty of O';,c estimates, we also determined the maximum and

minimum O ;,C values following the same approach in section 4.3.2. The laboratory data are shown

in the supplementary material (Table S5-2).
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Figure 5-3. An example of the preconsolidation stress estimates based on the modification of the
widely used Casagrande method (McNulty et al., 1978) and the Becker method (1987). Red dots
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mark the estimated preconsolidation stress. Blue dots mark the minimum and maximum possible
preconsolidation stress.

In this study, the O ;,L, estimates from the modified Casagrande method (McNulty et al., 1978) and

the Becker method (1987) are similar (Figure 5-4). The O';,C values generally increase with depth

and contrasting consolidation state is revealed for Units I-III and Units IV-V. The consolidation
state of sediments is typically evaluated by the overconsolidation ratio (OCR) which is defined as

the ratio of 0;76 to the in situ vertical effective stress o, (e.g., Knappett & Craig, 2012). OCR = 1
indicates normally consolidated sediments, while OCR > 1 indicates overconsolidated sediments
(e.g., Knappett & Craig, 2012). However, as o, is unknown, we calculated OCR' by the ratio of
o ;,c to o,,. Many authors denoted this value as OCR directly (e.g., Saffer, 2003; Kitajima & Saffer,

2014). At a uniaxial burial stress regime, o, is normally similar to o, or less than o, in case of

overpressure (e.g., Kitajima & Saffer, 2014; Screaton et al., 2002). Therefore, the overconsolidated
sediment exhibits OCR' > 1 whereas the overpressured sediment shows OCR' < 1.
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Figure 5-4. Estimated preconsolidation stress and OCR' at IODP Site U1520. Hydrostatic vertical
effective stress is plotted for reference.

The 0 ;,C values of samples recovered from Units I-I11 are lower than &, values at the same depth

and OCR' ranges between 0.28 and 0.65 (Figure 5-4), indicating the sediment is overpressured.
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The excess pore pressure is attributed to the high sedimentation rate up to ~1000 m/Ma in Units I-
IIT (Barnes et al., 2019), which inhibits the drainage of pore fluid. This is supported by the nearly
constant porosity at corresponding depth (Figure 5-2). In contrast, the samples from Units [V-V

are characterized by O';m.> o,, and the OCR' values are in range of 1.74 - 2.64, showing the

sediment is overconsolidated (Figure 5-4). Overconsolidation is commonly the result of
ageing/creep, cementation or erosion processes (e.g., Bjerrum, 1973; Locat & Lefebvre, 1986).
Lithological description shows that cements are common in Units IV-V (Barnes et al., 2019).
Therefore, cementation in Units IV-V may play an important role in strengthening the grain
skeleton and preventing the pore space from collapse with increasing overburden. This explains
the higher porosity values of 40%-60% at 1000 mbsf compared to other incoming sediments to
subduction zones such as Nankai Trough (e.g., Henry et al., 2012a, 2012b; Saito et al., 2010a,
2010b) and North Sumatra (McNeill et al., 2017a).

5.3.3 Pore Pressure Estimates at Site U1520

Based on the Terzaghi's effective stress theory and the definition of OCR, the pore pressure P can
be estimated after Zhang et al. (2021) by:
o,
P=oc,-—E (5-1)
OCR

However, accurate OCR is difficult to obtained. For the sediment from Units I-III, we assumed
OCR =1 considering that (1) planktonic foraminifers and calcareous nannofossils represent
Holocene age at the seafloor to Pleistocene age at 537 mbsf and thus the ageing/creep effects
should be minor, and (2) cements and erosion are uncommon in Units [-III (Barnes et al., 2019).
For the sediment from Units IV-V, OCR = 1 does not apply due to strong cementation. We
therefore combined equation (5-1) with porosity/void ratio-based pore pressure prediction
approach to estimate OCR and pore pressure.

Porosity/void ratio-based approach for pore pressure prediction relies on establishment of an
empirical relationship between porosity/void ratio and effective stress. The relationship between

void ratio (e) and o, is expressed in a form as (e.g., Flemings & Saffer, 2018):
e=2A-In(c,)+e, (5-2)

where ¢, is the void ratio under an effective stress of unity and 1 is the slope on the e-In( o, ) plot

(Figure 5-5). The empirical parameters in equation (5-2) were determined using our consolidation
data from the virgin compression phase. Our results show that sediments from different units have
different empirical parameters (Figure 5-5). We therefore established the e-In( o) relationship
separately for different units. In addition, the two volcaniclastic conglomerate samples from Unit

V also show contrasting e-In( o, ) relationships. We suggest the relationship acquired from Sample
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NO.08 represents Unit V because the NO.08 porosity falls in the general porosity variation trend
while the porosity from NO.09 deviates from the trend obviously (Figure 5-2).
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Figure 5-5. The relationship between void ratio and effective stress for sediments at IODP Site
U1520 derived from consolidation data.

For the sediment from Units I-I11, o, and thus pore pressure can be directly estimated by equation
(5-2). But for overconsolidated sediment such as from Units IV-V, the e-In( o, ) relationship is

shifted towards lower void ratio, which has to be accounted for when estimating pore pressure.
Assuming a constant 4, the offset eq can be estimated by (see section 3.3.3 for details):

e, = AIn(OCR) (5-3)
Therefore pore pressure for the sediment from Units [V-V can be computed by:
e=A-In(o,-P)+e,te, (5-4)

where eo + eq 1s equivalent to the void ratio under an effective stress of unity for overconsolidated
sediments. We further calculated the average depth profile of porosity using regression analysis
(Figure 5-2) considering the porosity at Site U1520 is scattered. We then substituted OCRs ranging
from 1 to 5 into equations (5-1) and (5-4) to derive the pore pressure and determined the possible
OCR for samples from Unit IV when the pore pressure difference is small. The results show that
OCR values in Unit IV range from 2.5 to 3.5. However, we suggest that the maximum OCR value
in Unit IV could be larger than 3.5, since our discrete samples do not capture where the diagenetic
effect is most intense. High Sr concentrations in a range of 1100 to 1300 uM are observed at 600-
770 mbsf, indicating strong carbonate recrystallization in Unit IV (Barnes et al., 2019). The most
intense carbonate recrystallization is expected at ~720 mbsf where a peak concentration of Ca and
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a concave in the Mg concentration profile are visible (Barnes et al., 2019). We therefore assumed
hydrostatic pressure and obtained OCR = 4 at ~720 mbsf. By interpolating, we obtained OCR
values throughout Unit IV and estimated the pore pressure with equation (5-4). In contrast,
substituting OCR = 1-5 into equations (5-1) and (5-4) yielded OCR = 4 for the two samples from
Unit V. We therefore employed OCR = 4 to estimate the pore pressure in Unit V with equation (5-
4).

Our results show that the pore pressure estimates at Site U1520 derived from Casagrande method
and Becker method are similar (equation (5-1), Figure 5-6). The maximum pore pressure
difference between these two methods is 0.63 MPa and the difference as a percentage is below
4.9%. The error bar is narrow and its maximum width is 2.5 MPa. For the convenience of
description, only results by the modified Casagrande method are discussed.

The experimental pore pressure estimates show that the sediment from Unit I-III is overpressured

with pore pressure ratios (P/ o, ) ranging from 0.72 to 0.87. The pore pressure results from MAD

data are in good agreement with experimental estimates and indicate the excess pore pressure is
continuous throughout Units I-III (Figure 5-6), which is consistent with the high sedimentation
rate in Units I-III (Barnes et al., 2019). Based on the pore pressure estimates from MAD data, the
excess pore pressure decreases gradually at the top of Unit IV. The experimental pore pressure
ratio in Units V-V is in a range of 0.65-0.77, obviously lower than Units I-I1II.
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Figure 5-6. Pore pressure estimates derived from consolidation and MAD data at IODP Sites
U1520 and U1518. Red thick bars mark the shallow portion of Papaku fault which may host SSEs
(Fagereng et al., 2019). Red arrows mark the top and bottom of the Papaku fault zone at IODP Site
U1518 (Saffer et al., 2019b). Blue double arrows mark the Reflector R4 interpreted from seismic
profiles (Barnes et al., 2020). Seismic units (SU) and geological time are from Saffer et al. (2019b)
and Barnes et al. (2019).
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5.3.4 Pore Pressure Estimates at Site U1518

We also estimated the pore pressure at Site U1518 with MAD data. The e-In( o) relationship

acquired from Units I-III at Site U1520 can be applied to Site U1518, because (1) Planktonic
foraminifers and calcareous nannofossils indicate both Units I-III at Site U1520 and all the
recovered sediment at Site U1518 represent Quaternary age (Saffer et al., 2019b; Barnes et al.,
2019); and (2) a continuous Reflector R4 (Figure 5-6) can be traced between Sites U1520 and
U1518 from seismic reflection data (Barnes et al., 2020), which indicates that the oldest Seismic
Unit (SU) 2 at Site U1518 might correspond to SU4 (in Unit III) at Site U1520.

However due to the lateral tectonic compaction, the stress orientation in frontal accretionary prism
is different from that before entering subduction zones (e.g., Moore & Tobin, 1997; Tsuji et al.,
2008), which would cause an underestimation of the pore pressure using equation (5-2) directly.
Building on critical state soil mechanics, Flemings and Saffer (2018) recently provided the
pathway to predict the pore pressure in both accretionary prism and underthrust sediments.
Assuming the accretionary prism is in a state of Coulomb failure, the pore pressure can be
estimated by:

P=c,—(1-sing)- exp(%) (5-5)

where ¢ is the friction angle of sediment material and e, is the void ratio under an effective stress
of unity at Coulomb failure (see Flemings and Saffer (2018) for details). e, can be derived from

¢, 4 and e, based on the Modified Cam Clay (MCC) critical state model under plane stain

conditions (Roscoe & Burland, 1968). Friction experiments reveal a friction coefficient of ~0.44
for shallow sediments (194-213.48 mbsf) in the North Hikurangi (Rabinowitz et al., 2018; Ikari et
al., 2020), corresponding to a friction angle of 24°. We therefore employed ¢ =24°, A =-0.15 and

e, =1.95 to calculate e, and estimated the pore pressure at Site U1518 using equation (5-5).

Similar with Site U1520, we also established the average depth profile of porosity at Site U1518
using regression analysis (Figure 5-2) and obtained the average pore pressure variation trend
(Figure 5-6).

Our results show that the pore pressure at Site U1518 generally increases with depth (Figure 5-6).
The estimated pore pressure is lower than the hydrostatic pore pressure within 160 mbsf, but
increases rapidly at the bottom of Unit [A and remains relatively high in Unit IB with pore pressure
ratios of 0.71-0.77. However, compared with Site U1520 where no lateral tectonic compaction is
expected, this pore pressure is still low. This is because, as the hanging wall of the Papaku fault,
Unit I has been buried in a larger depth and has relatively lower porosity. The pore pressure in
Unit I might be underpredicted and our pore pressure estimates represent a lower bound. The pore
pressure in Unit Il increases continuously and the pore pressure ratio reaches the maximum of 0.93
at the bottom of Unit II. The obvious different pore pressures between the top and bottom of Unit
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IT (Papaku fault) is consistent with the inference that the contrasting properties in the Papaku fault
zone lead to the mixed deformation behavior (Fagereng et al., 2019). We suggest that the different
pore pressures may result from pore fluid drainage during fault slip and reflect the progressive
consolidation in the fault zone. In Unit III, the pore pressure continues to increase with a smaller
gradient and the pore pressure ratio decreases from 0.93 to 0.81. The higher pore pressure ratio
beneath the fault zone implies that the Papaku fault may serve as a fluid barrier. Based on the pore
pressure results at Sites U1518 and U1520, high excess pore pressure is inferred to be widespread
in the North Hikurangi frontal accretionary prism, which explains the occurrence of nearby
tsunamigenic earthquake in 1947 (Doser & Webb 2003).

5.4 Numerical Modeling of SSEs

5.4.1 Numerical Model and Implementation

To investigate the effects of pore pressure on SSEs, we used a recently proposed numerical method
(Im et al., 2020) to simulate the SSEs in the North Hikurangi subduction zone. According to the
rate-and-state friction (RSF) law (e.g., Dieterich, 1979; Ruina, 1983), friction (p) is a function of
slip velocity (V) and state variable (¢), which can be expressed as:

vV V.0
=1 +a-In(—)+b - In(=2
H=H, (Vo) (D

c

) (5-6)

where u, is a reference friction coefficient at reference velocity Vo, a and b are empirical

parameters determined from velocity step friction, and Dc is critical slip distance to renew surface
contacts. Based on the slip law (Ruina, 1983), the evolution of state variable follows:

deo V.- V-0

_——_——— ln —_— 5‘7

&5 ) (5-7)
where ¢ is the time. Friction experiments (Ikari et al., 2013, 2020; Ikari & Kopf, 2017; Rabinowitz
et al., 2018) revealed that the RSF parameters a and D, are velocity-dependent, which can be

written as (Im et al., 2020):

V. +V

) (5-8)

a=a,t+S,-log,(

a

VDC +V

Dc = DCO +SDL. ' loglo( ) (5-9)

D,

where a, s the reference RSF parameter a at reference velocity Vs, S is the slop describing log-

linear dependence of parameter a on velocity, D is the reference RSF parameter D, at reference
velocity Vp,, and Sp,. is the slop describing log-linear dependence of parameter D. on velocity.
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Fault stability depends on a competition between the fault critical weakening rate (stiffness) K.
and the stiffness of the surroundings K (e.g., Scholz, 1998). When K. > K, the drop of shear strength
on the fault outpaces the elastic unloading of the surroundings due to slip, which leads to a stress
imbalance and drives the slip instability (e.g., Gu et al., 1984; Ranjith & Rice, 1999). In contrast,
K. < K inhibits fault slip by deceleration and results in frictional stability (e.g., Ruina, 1983; Ranjith
& Rice, 1999). The critical stiffness K. is determined by (Rice & Ruina, 1983):

K __J"V-[d,uSS(V)/dV]_ L4 M-V
¢ D oD, -[ouV,0)/0V]

c

} (5-10)

where o' is the effective stress on the fault, M is the mass per unit area of the fault zone and (V)
is the velocity-dependent steady state friction at velocity V. us(V) is derived from equations (5-6)
and (5-7), and can be formulated as follows (e.g., Scholz, 1998):

[, = uo+(a—b)-ln(;) 5-11)

0
The fault motion is controlled by the Newton's second law (Im et al., 2017):

d*s
M'?:K'(é‘lp—é‘)—ﬂ'(f' (5-12)

where 0 is the fault displacement, Jj, is the load point displacement (i.e., displacement of the
surroundings).

To simulate the fault stick-slip motion, Im et al. (2017) derived the discretization equations for
fault displacement, velocity, state variable, and friction coefficient based on equations (5-6), (5-7)
and (5-12):

o :[5i -6, -0 K)]-cos(\/K/M AL + \/%-sin(\/K/M A+ () -4 oK) (5-13)
i+l oi )
yi =2-5 J -V (5-14)
At

i+l i+1 i+l i+1
0" =0 - -9 ~log(V 0 )]At (5-15)
=y +a-In( v Y+b ln(VO 'HHI) (5-16)

H Hy v, D,

Following Im et al. (2020), we used equations (5-13)-(5-16) to simulate the shallow SSEs in the
North Hikurangi. The RSF parameters @ and D. in equations (5-15) and (5-16) were updated in
each time step according to equations (5-8) and (5-9). Equations (5-13)-(5-16) were solved with
the Newton-Raphson method until the velocity converges. The input “RSF parameters” include a,,
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=0.005, S, =0.005, b = 0.01, Do =10° m, Sp, =2.5x10° m, u, = 0.44, Vo= Vp, = Vo = 10” m/s.
These parameters were not well constrained since friction experiments on different lithology of
Hikurangi sediments yielded different values (e.g., Rabinowitz et al., 2018; Boulton et al., 2019;
Ikari et al., 2020). But they are realistic for Hikurangi sediments and we tested if these values are
capable of generating SSEs. A loading rate of 2x10” m/s which is similar to the convergence rate
(Wallace et al., 2004) was assigned and used to constrain the displacement of the surroundings.
Based on the accumulated fault thickness of 28 m and an average bulk density of 2.0 kg/cm? from
MAD data at Site U1518 (Saffer et al., 2019b), we determined the fault zone mass per unit area M
= 55580 kg/m?. Previous study showed that SSEs in the North Hikurangi subduction zone may
propagate to a depth of < 2 kmbsf (Wallace et al., 2016). We tested the possibility of SSEs at 2
kmbsf by inputting other key parameters at that depth. Using an average bulk density of 2.3 kg/cm?,
we estimated the lithostatic stress and then applied the maximum (0.93) and minimum (0.77) pore
pressure ratios acquired from the fault zone at Site U1518 to constrain the effective stress on the
fault. With the effective stress ¢'= 3.2 MPa and ¢’ = 10.6 MPa, we further defined the stiffness of
the surroundings K= 1.5 MPa/mm and K= 2.2 MPa/mm using our consolidation data. To initiate
the simulation, we set an initial velocity Vini = 10"'° m/s and assumed a steady state to calculate the
initial state variable and friction coefficient. The initial fault displacement was set to zero.
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Figure 5-7. Comparison of natural SSEs with simulated SSEs at 2 kmbsf in the North Hikurangi
subduction zone. The natural SSEs are observed from GPS data at station GISB. The GPS data are
processed by the Nevada Geodetic Laboratory following Blewitt et al. (2018) and are publicly
available online (http://geodesy.unr.edu/NGLStationPages/stations/GISB.sta).
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5.4.2 Modeling Results and Implications

Our modeling results (Figure 5-7) are comparable to the natural SSEs observed by continuously
operating global positioning system (cGPS). The ¢GPS data are from station GISB where shallow
SSEs reoccur every 18 to 24 months (Figure 5-7, Wallace, 2020). The modeling result derived
from high pore pressure condition (pore pressure ratio = 0.93) reveals an SSE recurrence interval
of ~2 year and a displacement of ~10 mm for each SSE. These data generally match the natural
SSEs with small displacement such as in 2011. In comparison, the modeling result derived from
moderate pore pressure condition (pore pressure ratio = 0.77) shows an SSE recurrence interval of
~4 years and a displacement of ~30 mm. Although the moderate pore pressure case has obviously
larger recurrence interval, its displacement is similar to the maximum SSE displacement observed
from station GISB. Further, if we ignore the small displacement SSEs and only count the SSEs
with large displacement, their recurrence interval is surprisingly consistent with the prediction of
our model under moderate pore pressure condition. Therefore, the natural SSEs observed at station
GISB can be simulated by our numerical model basing on well constrained pore pressure
conditions.

Also, our modeling results show that the stress drop, peak slip velocity, total slip and recurrence
interval of SSEs increase with the effective stress. This is in good agreement with (1) the laboratory
observations that many parameters of SSEs including stress drop, peak slip velocity, slip velocity
increase, duration, and total slip exhibit positive correlation with effective normal stress (Ikari et
al., 2020), and (2) the field observations that the shallow SSEs (with low effective stress) in the
North Hikurangi have smaller recurrence interval while the deep SSEs (with high effective stress)
in the South Hikurangi have larger recurrence interval (Wallace, 2020). Therefore, we suggest that
pore pressure exerts an important control on the characteristic of SSEs and the occurrence of
frequent SSEs may indicate the sediments are overpressured. This explains why the tsunamigenic
earthquake occurred in the North Hikurangi (Doser & Webb, 2003).

According to the fault-valve model (Sibson, 1990; Sibson et al., 1988), fault activity can increase
the fault permeability and will lead to the drainage of pore fluids and thus decrease of excess pore
pressure (i.e., increase of effective stress). Therefore, frequent SSEs in highly overpressured
regions tend to evolve to become less frequent gradually. As in equation (5-10), increasing
effective stress elevates the critical stiffness and drives the fault patch away from near-critical state.
When the effective stress is sufficiently high, an earthquake may happen. This let us speculate that
SSEs might be not only within the spectrum of fault slip, but also represent a transitional stage
from conditionally stable sliding to earthquake slip. When the pore pressure is high, earthquake
happens frequently but in a silent and slow way, that is, SSE. The SSEs facilitate the drainage of
pore fluids and decrease the pore pressure. With the increase of effective stress, SSEs with a larger
displacement occur episodically with a larger recurrence interval. When the effective stress
increases to a certain level, ordinary earthquake happens. The evolution of SSEs to ordinary
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earthquake is consistent with the observation that many known SSEs wrap around areas where
ordinary earthquakes have also occurred (Saffer & Wallace, 2015).

We also note that one important issue missing in our discussion is frictional properties of sediments
which exert a critical control on the fault slip behavior (e.g., Im et al., 2020). A more realistic
model is that the combination of mechanical and frictional properties of sediments determines the
modes of fault slip behavior to first order (e.g., Scholz, 1998) and different fault slip behavior can
be viewed as manifestations of the heterogeneity of these properties (e.g., Collettini et al., 2011).
The evolution of fault slip and the heterogeneity of fault patches are tightly interconnected (e.g.,
Fagereng et al., 2019). Our speculation needs to be verified by more detailed studies coupling pore
pressure, frictional properties and their evolutions.

5.5 Conclusions

In this study, we conducted consolidation experiments on samples from IODP Site U1520 and
estimated the pore pressure in the Northern Hikurangi subduction zone using consolidation data.
Consolidation tests show that the sediment in trench-wedge facies is underconsolidated whereas
that in pelagic and volcaniclastic facies is overconsolidated. Lithology, biostratigraphy and seismic
reflection data (Saffer et al., 2019b; Barnes et al., 2019, 2020) suggest that the trench-wedge facies
are stratigraphically equivalent to the horizon where the active Papaku splay fault occurs at IODP
Site U1518. Based on a pore pressure prediction equation for Site U1518 derived from critical
state soil mechanics, the pore pressure at the top of the Papaku fault constitutes 77% of lithostatic
stress, whereas the pore pressure at the bottom increases to 93% of lithostatic stress. According to
the RSF theory, SSEs at 2 kmbsf are simulated under above pore pressure conditions. The
modeling results are comparable to the natural SSEs and indicate that high pore pressure decreases
the recurrence interval of SSEs.
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Supplementary Material

Table S5-1. Details of the whole round samples in this study.

Sample NO. Site Hole  Core Type Section  Depth (mbsf)  Unit

NOO1 U1520 D 13 H 6 119 II

NOO02 U1520 D 22 F 3 184 II

NOO03 U1520 D 30 F 2 246 III

NO04 U1520 D 47 X CC 477 III

NOO05 U1520 C 4 R 4 666 v

NOO06 U1520 C 14 R 6 765 v

NOO07 U1520 C 18 R 3 799 v

NOOS8 U1520 C 26 R 4 876 A%

NOO09 U1520 C 37 R 3 980 \Y

Table S5-2. Results of the consolidation experiments

NaC Deph o(Pa)  Py(Pa) o () Cpbe Ore Oman O
NOO1 119 2120413 1194905 925507 604092 575547 486506 765862
NOO02 184 3309290 1846251 1463038 586887 630298 541795 702725
NOO3 246 4461269 2469872 1991396 1009219 1027449 702233 1728968
NOO04 477 8771459 4789565 3981894 1125918 1471856 1128750 1452023
NOO05 666 12282575 6688354 5594220 12058619 12504167 10074717 16456256
NOO06 765 14344080 7684762 6659318 11590173 12392494 11558520 14215128
NOO0O7 799 15066303 8028818 7037485 13246858 13462288 12251668 14688477
NOO08 876 16560415 8798399 7762016 15487700 17276768 15263836 23232361
NOO09 980 18677185 9846741 8830444 23293299 25806553 23586291 32912512
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Chapter 6: Conclusions and Outlook

6.1 Conclusions

In this Ph.D. study, the pore pressure in the Nankai Trough, North Sumatra and Northern Hikurangi
subduction zones is investigated through multi approaches including uniaxial consolidation
experiments, porosity-based prediction equations and numerical fluid flow models. In order to
improve the performance of the porosity-based pore pressure prediction approach for
overconsolidated sediments, a new method which accounts for the consolidation state of sediments
is proposed building on a recent critical state soil mechanics model, and is successfully applied to
the Nankai Trough. The pore pressure estimates presented in this Ph.D. dissertation provide
important insights for understanding the hydro-mechanical processes in the Nankai Trough, North
Sumatra and Northern Hikurangi subduction zones, and are linked to the occurrence of
tsunamigenic earthquakes and slow slip events. The main conclusions are as follows:

(1) In the Nankai Trough, excess pore pressure is revealed in both accreted and underthrust
sediments at IODP Site C0023. The excess pore pressure increases continuously across the
accretionary prism and underthrust section, with nearly constant ratios of pore pressure to
lithostatic stress. This implies that accreted and underthrust sediments constitute one
hydrogeological system and the plate interface (décollement) is not a fluid barrier as previously
believed. Pore pressures 84%-93% of the lithostatic stress is inferred along the subduction thrust
based on uniaxial consolidation data and seem attributable to the propagation of the frontal thrust
which causes repeated lithostatic pore pressure transients migrated along faults in the last 3 kyrs.
The resulting extremely low shear strength is similar to the estimated coseismic shear strength in
the 2011 Tohoku earthquake. Seismic reflection data indicate that the high pore pressure may
extend to a large area (Park et al., 2014). If the pore pressure is similarly high as revealed at Site
C0023, seismic slip could be propagated to the trench and causes tsunami hazard offshore SW
Japan when a large earthquake occurs.

(2) Based on the newly developed pore pressure prediction method which accounts for the
consolidation state of sediments, the overconsolidated sediment in the Nankai Trough generates
40%~50% less excess pore pressure than the normally consolidated sediment, suggesting that
overconsolidation inhibits the development of excess pore pressure. The lower excess pore
pressure in overconsolidated sediments is attributed to the decrease of loading efficiency. For
shallow sediments, overconsolidated sediments suppress the pore pressure build-up and reduce the
likelihood of slope failure. In contrast, the inhibition of excess pore pressure in deeply seated
sediments facilitates the instability of faults and thus the generation of earthquakes by driving the
friction stability parameter { more negative. The pore pressure prediction in the Nankai
accretionary prism off Muroto Peninsula revels a weak décollement with shear strength <2.2 MPa.
However, its corresponding shear stress is even lower (< 0.4 MPa), which implies that the
accretionary prism is not at Coulomb failure.
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(3) In the North Sumatra subduction zone, mainly hydrostatic to low excess pore pressure is
reveled at IODP Sites U1480 and U1481, while a horizon which is considered as the potential
candidate for the future décollement shows moderate excess pore pressure. According to a one-
dimensional sedimentation-flow model which accounts for the sedimentation rate and silicate
dehydration, present excess pore pressure of the proto-décollement horizon results from high
sedimentation rate and silicate dehydration. As the sediment approaches the subduction zone, the
excess pore pressure increases continuously and the dehydration of silicate makes an increasing
contribution to the excess pore pressure. The pore pressure in the proto-décollement horizon
reaches >90% of the lithostatic stress when plate subduction and thus high excess pore pressure is
inferred along the décollement in the North Sumatra subduction zone. Together with the landward-
directed lateral friction exerted by higher subduction velocity to the southeast (McNeill &
Henstock, 2014), the high excess pore pressure might lead to the landward vergence of frontal
thrusts. The high pore pressure and landward vergent frontal thrusts provide a plausible
explanation for the occurrence of the Mw 9.2 2004 Sumatra-Andaman tsunamigenic earthquake.

(4) In the Northern Hikurangi subduction zone, consolidation experiments on samples from IODP
Site U1520 show that the sediment in trench-wedge facies is underconsolidated whereas that in
pelagic and volcaniclastic facies is overconsolidated. Lithology, biostratigraphy and seismic
reflection data (Saffer et al., 2019b; Barnes et al., 2019, 2020) suggest that the trench-wedge facies
are stratigraphically equivalent to the horizon where the active Papaku splay fault occurs at IODP
Site U1518. Based on the consolidation data on trench-wedge facies, a pore pressure prediction
equation for Site U1518 is derived using critical state soil mechanics. Pore pressure 77% of
lithostatic stress is revealed at the top of the Papaku fault, whereas the pore pressure at the bottom
increases to 93% of lithostatic stress. Previous studies have shown that SSEs in the North
Hikurangi subduction zone may propagate to a depth of <2 km below seafloor (Wallace et al.,
2016). Therefore, SSEs at 2 km below seafloor are simulated under above pore pressure conditions
according to the rate-and-state friction (RSF) theory. The modeling results are comparable to the
natural SSEs and indicate that high pore pressure decreases the recurrence interval of SSEs.

6.2 Outlook

Pore pressure has been a subject of ongoing concern since 1950s due to the important role it plays
in fluid circulation, structural development of sediments and rocks, and fault slip and earthquake
nucleation (e.g., Saffer & Tobin, 2011). Therefore, predicting pore fluid pressure is crucial to
improve our understanding on the hydro-mechanical processes in subduction zones. This Ph.D.
study has generated new insights into the distribution of excess pore pressure and its implication
for the slip behavior of the plate interface through pore pressure prediction in three typical
subduction zones. Building on this Ph.D. study, following aspects should be improved or examined
by future research:
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(1) A focus in pore pressure prediction is to establish robust constitutive models for the sediment
(e.g., Karig, 1986). Based on this idea and previous models (e.g., Flemings & Saffer, 2018), this
Ph.D. dissertation proposes a new pore pressure prediction method for overconsolidated sediments
in the accretionary prism and shows that the pore pressure of overconsolidated sediment can be
well predicted from porosity. A key parameter in the proposed method is the ratio of horizontal to
vertical effective stress in the accretionary prism, which can be acquired by assuming a state of
Coulomb failure (e.g., Flemings & Saffer, 2018). For the sediments in a stable state, the stress ratio
can be estimated using the dynamic Coulomb wedge theory (Wang & Hu, 2006). Therefore, a
promising topic for further research is to provide a universal pore pressure prediction pathway for
both sediments at Coulomb failure and steady state by combining critical state soil mechanics and
the dynamic Coulomb wedge theory.

(2) It has been widely accepted that there is high pore pressure in underthrust sediments and
megathrust faults (e.g., Skarbek & Saffer, 2009; Tobin & Saffer, 2009) and it has an important
impact on the distribution of seismogenic zones (e.g., Moore & Saffer, 2001). Based on this Ph.D.
study, high pore pressure not only exists in underthrust sediments and megathrust faults, but also
is widely-distributed in the accretionary prism. Pore pressure is thought to govern the degree of
interseismic locking and high pore pressure seems responsible for poor locking (Moreno et al.,
2014). This makes large earthquakes unlikely to nucleate on the reverse faults of overpressured
accretionary prism, which is in good agreement with the occurrence of very low frequency
earthquakes in some overpressured accretionary prisms (e.g., [to & Obara, 2006). But on the other
hand, high pore pressure will decrease the shear strength of reverse faults within accretionary prism
and thus facilitates the propagation of seismic slip through to the trench, when a large earthquake
happens down-dip. Therefore, more attention should be paid to the pore pressure in accretionary
prism in future studies, since it is critical for assessment of the geological hazard potential.

(3) Current pore pressure prediction research mainly focuses on characterization of static pore
pressure. Another important direction for future research is to monitor the time-series pore pressure
variations, because recent instrumentation such as the long-term borehole monitoring system
(LTBMS) has enabled the continuous observation of in situ pore pressure, temperature, strain and
pore water composition (e.g., Kopf et al., 2017). In fact, the LTBMS data is heavily underrated,
and it has the potential to constrain the in situ permeability of faults (e.g., Kinoshita & Saffer, 2018)
and to shed light on the permeability evolution with pore pressure variations. This provides a
unique opportunity to better understand the role of faults in fluid-mediated processes and will
advance our knowledge on the evolution of fault slip and earthquake cycles.

(4) Although high pore pressure has been widely invoked to explain the occurrence of
tsunamigenic coseismic slip near the trench (e.g., Seno, 2002), the causal relationship between
high pore pressure and tsunami generation remains incompletely understood. Faulkner et al. (2011)
explained the shallow coseismic slip from the point of view of energy and proposed that the weak
sediment is energetically favorable for the slip propagation and permits the coseismic slip near the
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trench. However, this explanation does not answer how the coseismic slip propagates in velocity
strengthening material, because according to the rate-and-state friction (RSF) law, velocity
strengthening material is intrinsically stable (e.g., Gu et al., 1984; Ranjith & Rice, 1999). Based
on this Ph.D. study, widely high pore pressure does exist in some shallow subduction zones where
tsunami occurred, and the generation of tsunamis seems to be related to high pore pressure indeed.
The propagation of coseismic slip might be related to the velocity of dynamic loading. When the
velocity of dynamic loading is high enough, although the velocity strengthening material will
prevent the velocity from being infinite, a certain velocity can be reached and thus coseismic slip
can occur. This hypothesis can be examined by future numerical modeling, which will contribute
to a more complete insight into the fault slip behavior in different materials.
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A.1 IODP-ICDP Kolloquium 2019 Abstract

Near lithostatic pore pressures prepare the Nankai décollement for the next
megatsunami offshore SW Japan”

Junli Zhang, Andre Hiipers, Stefan Kreiter and Achim Kopf

MARUM-—Center for Marine Environmental Sciences, University of Bremen, Leobener Stral3e 8,
28359 Bremen, Germany

“This abstract was published in IODP-ICDP Colloquium, Cologne, Germany, 18-20 March 2019.
https://www.bgr.bund.de/DE/Themen/MarineRohstoffforschung/IODP/Downloads/kollogquiums
band-2019.pdf

ABSTRACT

Earthquakes along subduction zones cause devastating tsunamis when seismic slip reaches near
the trench and displaces the seafloor by tens of meters, as seen in the 2011 Tohoku earthquake
(Fujii et al., 2011). To explain tsunamigenic earthquake occurrence, high pore pressure in forearc
sediments has been proposed as a mechanism (e.g., Seno, 2002), but direct pore pressure
observations along subduction thrusts are still sparse.

Here we provide robust experimental estimates of pore pressure based on consolidation tests. Our
samples derive from IODP Site C0023, where the whole accreted and subducted sediment
succession was recovered at the seaward edge of the central Nankai Trough accretionary prism
offshore Muroto peninsula. Our data indicate pore pressures in the accreted Upper Shikoku Basin
facies to outer trench-wedge facies are nearly hydrostatic while samples in the underthrust
sequence are overpressured, which is consistent with previous studies. More importantly, our data
reveal high excess pore pressure at the top of the décollement. Further hydrogeological modelling
based on Cl concentrations suggests that the high excess pore pressure is mainly attributed to
pressure translation through recent fluid discharge along permeable faults and overpressured
horizon is not confined to Site C0023 but to a considerable areal extent. The high excess pore
pressure leads to much lower shear strength than previously thought. Lower shear strength means
less energy dissipation and that might explain how a large rupture might not be arrested from
propagating to the trench as in the Tohoku earthquake (Faulkner et al., 2011). Hence, the very
weak décollement of Nankai Trough subduction zone makes a catastrophic tsunami offshore SW
Japan very likely.
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A.2 AGU Fall Meeting 2019 Abstract

The effect of consolidation state on pore pressure development in the Nankai
accretionary prism off Muroto Peninsula, SW Japan®

Junli Zhang, Andre Hiipers, Stefan Kreiter, Walter Menapace and Achim Kopf

MARUM-—Center for Marine Environmental Sciences, University of Bremen, Leobener Straf3e 8,
28359 Bremen, Germany

*This abstract was published in AGU Fall Meeting, San Francisco, USA, 9-13 December 2019.
https://ui.adsabs.harvard.edu/abs/2019AGUFM.T51G0370Z/abstract

ABSTRACT

In subduction zones, pore pressure is intimately associated with fluid flow and structural
development of sediments and rocks (Saffer and Tobin, 2011). Therefore, pore pressure is a key
parameter to understand the hydro-mechanically coupled processes in subduction forearcs.
However, direct pore pressure observations are rare. Flemings and Saffer (2018) recently proposed
a porosity-based modeling approach to predict pore pressure based on critical state soil mechanics
and Coulomb failure theory, which takes into account the stress path of sediments. This study
advances upon their work by introducing the consolidation state of sediments into the model to
explore the effect of overconsolidation on pore pressure development.

We select IODP Site C0023 as our case study site, which is located at the seaward edge of the
central Nankai Trough accretionary prism offshore the Muroto peninsula, where numerous
consolidation studies indicate overconsolidation of the incoming sediments. The modeled excess
pore pressure of accreting sediments at Site C0023 ranges from 1 MPa to 3 MPa, which is overall
consistent with values inferred from consolidation test results. Compared with pore pressure
modeled for a normally consolidated sediment, the overconsolidated sediment generates 40% ~
50% less excess pore pressure, implying that the overconsolidation inhibits the development of
excess pore pressure. Our modeling results are consistent with the view of rapid loading by burial
and horizontal compression causing elevated pore pressure in low permeable clay-rich subduction
zone sediments, and we additionally show that the consolidation state plays a crucial role for the
magnitude and spatial distribution of excess pore pressure in accretionary prisms.
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