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Abstract

Earthquakes occur at intermediate (> 70 km) and deep (> 300 km) depths within the 

Earth.  Since their discovery, the cause of intermediate and deep-focus earthquakes has 

remained a fundamental problem in seismology.  While several physical mechanisms have 

been theorized to explain the occurrence of deep earthquakes, the mechanism may be 

constrained by determining the fault plane orientation.  

I used rupture directivity of 52 events in the northeastern Japan subduction zone to 

determine each event's fault plane orientation.  With adequate station coverage, in both 

azimuth and distance, rupture can be identified along a single nodal plane signifying the fault 

plane. P-wave duration is shortest in the direction of rupture propagation and greatest in the 

opposite direction.  Measuring the differential rupture duration between seismic stations 

allows for the determination of rupture direction, rupture velocity relative to the background 

seismic velocity, and the fault plane for each event.  Rupture directivity is determined for a 

total of 20 events.  Results indicate that rupture at intermediate and deep focus depths occur 

along the subhorizontal nodal plane.  While fault plane orientation is apparently uniform in the 

subducting slab, rupture direction appears scattered.  These results suggest multiple 

mechanisms are responsible for the orientation and azimuthal direction of rupture.
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CHAPTER 1: Introduction

1.1 Background

When stress is applied to an object, it will accumulate until a critical point is reached and then 

the material ruptures.  Under pressure and temperature conditions at the Earth's surface, an object may 

respond in a brittle manner once a critical stress load is reached.  At greater depth within the Earth, 

pressures and temperatures increase to the point where an object will flow in response to an applied 

stress.

At subduction zones, oceanic lithosphere enters the Earth's asthenosphere and is subjected to 

increasing pressures and temperatures as it subducts.  Oceanic lithosphere is comprised of the upper 

crustal material approximately 5 km thick and the upper most mantle for a total thickness of 

approximately 80 – 90 km.  As the oceanic lithosphere, or slab, moves further into the mantle, stress 

may be released, resulting in earthquakes at great depths.  Earthquakes at subduction zones have been 

recorded as deep as 700 km.  Earthquakes have been categorized as shallow (0 – 70 km), intermediate 

(70 – 300 km), and deep-focus (300 – 700 km).  At such depths Earthquakes are unique to convergent 

margins.  At intermediate and deep-focus depths rupture or brittle deformation of the slab is expected to 

be prevented by pressure and temperature, while the existence of intermediate and deep-focus 

earthquakes indicates persistent faulting [Peacock, 2001].  Since the discovery of deep earthquakes by 

Wadati [1927], this unexpected result of brittle deformation in a ductile region presents a fundamental 

problem in geophysics.

In view of the discovery of intermediate and deep-focus earthquakes, several physical 

mechanisms have been hypothesized to explain their occurrence.  Proposed mechanisms include 

dehydration embrittlement, phase transformations, and shear instabilities.  These proposed mechanisms 

are theorized to induce earthquakes at depth by altering properties such as pore pressure, mineral 

structure, and stresses on the slab.  It is also possible that mechanisms act in primary and secondary 
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roles with increased depth, further complicating deciphering earthquake generation.  However, each 

theory can be evaluated and used to provide explanations for the occurrence of intermediate and deep-

focus earthquakes.  

The unique characteristics of each subducting plate, including age, angle of subduction, mineral 

content, and slab temperature, all contribute to differences in seismicity and the evolution of 

subduction.  Along an individual slab, heterogeneity in structure can also contribute to complex 

subduction and interaction with the surrounding mantle material.  Anomalies in the stress regime, 

temperature, structure of slab, and a myriad of other aspects can result in anomalies throughout the 

subduction process.  To this end, subduction zones around the world have been investigated to 

determine the cause of intermediate and deep-focus earthquakes.  Warren and Silver [2006] and 

Warren, Hughes, and Silver [2007], Warren, Langstaff, and Silver [2008] have investigated 

intermediate and deep-focus earthquakes in various subduction zones around the world.  Here, I intend 

to apply the methodology developed in Warren and Silver [2006] to the northeastern Japan subduction 

zone.

The Japan Islands are between 30° - 45° N and 130° - 145° E, where four tectonic plates 

converge.  Situated on the overriding plate(s), the Japan Islands form an island arc above the active 

subduction zone incorporating two subducting oceanic planes.  Because of this, the Japan subduction 

zone is commonly divided into two distinct sections.  In the southwestern portion of the Japan 

subduction zone the Philippine Sea Plate is subducting.  At the northeastern section, the Pacific plate is 

subducting.  The northeastern Japan subduction zone begins as the Pacific Plate enters the Japan and 

Kurile trenches (NE Japan) and subducts underneath the Japan Islands.  Figure 1 outlines the study 

area.  Subduction in NE Japan occurs at a velocity of approximately 9 cm yr-1 [DeMets, Gordon, Argus, 

and Stein, 1990; Zhao, Wang, Umino, Hasegawa, 2009].  The 130 Ma [DeMets et al., 1990; Tonegawa, 

Hirahara, Shibutani, and Fujii, 2006] Pacific plate is subducting beneath the Japan Islands at a dip of 
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10° near the trench.  At approximately 100 km west of the trench, the slab dip steepens to 30° [Zhao, 

Matsuzawa, and Hasegawa 1997; Uchida, Hasegawa, Matsuzawa, and Igarashi 2004].  In NE Japan 

earthquakes have been recorded from the shallow surface to depths reaching approximately 670 km 

[Peacock and Wang, 1999].  
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1.2 Problem

At near-surface depths it is not always possible to conduct a visual observation of earthquake 

rupture.  The increased depth of deep earthquakes makes visual examination of rupture impossible. 

Therefore, far-field methods are employed for shallow as well as intermediate and deep earthquakes to 

determine rupture directivity, fault-plane orientation, and the physical mechanism responsible for the 

earthquakes.  Here, I investigate rupture directivity and primary fault-plane orientations of intermediate 

and deep-focus earthquakes to better identify the deformation processes of the subducting slab.  

1.3 Motivation

Earthquakes at intermediate and deep-focus depths (deep earthquakes) provide an excellent 

opportunity to study aspects of the interior of the Earth.  Subducting slabs are subject to a variety of 

changes as they progress further into the Earth.  Alterations a slab undergoes may include, but are not 

limited to, increasing pressures, temperatures, and other physical and chemical alterations.  It is 

important to understand the different environments the slab moves through for a greater understanding 

of earthquake generation.  This issue of why deep earthquakes occur remains a fundamental problem 

within geophysics.  To address this fundamental issue I will follow the method developed by Warren 

and Silver [2006] to determine the orientation of rupture and fault-planes within the NE Japan 

subduction zone.

I intend to provide insight into processes responsible for earthquakes at intermediate- and deep-

focus.  By confining rupture to a single nodal plane and determining the orientation it is possible to 

identify the fault plane.  If successful, certain fault plane orientations may provide a better explanation 

to the physical mechanisms of deep earthquakes.  
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CHAPTER 2: Literature Review

Studies of intermediate and deep-focus earthquakes work to explain physical mechanisms 

behind brittle deformation (rupture) at depth.  Answering why rupture occurs in place of ductile 

deformation remains a fundamental problem in geophysics.  Important to this issue are several aspects 

concerning the prevalence of weaknesses in the slab, whether carried to depth during subduction or 

generated at depth.  All earthquakes investigated for rupture directivity in this study occur at the depth 

range of 70 – 700 km below the surface of the Earth.  

Shallow earthquakes are located along tectonic boundaries and within tectonic plates.  At 

subduction zones plate bending into a trench provides one explanation for shallow earthquakes at 

convergent margins.  Shallow earthquakes at convergent margins have also been observed in response 

to cohesive strength between the slab and mantle-wedge. However, whether changes made at shallow 

depths contribute to earthquake generation at greater depths remains a topic of debate.  Peacock [2001] 

stated that deeper than ~50 km in the Earth, physical mechanisms that enable brittle failure are 

unfavorable due to increases in pressure and temperature.  Therefore, the physical mechanisms used in 

explaining shallow earthquakes are insufficient or incomplete when applied to intermediate and deep 

earthquakes.  Theories for deep earthquakes include changes in mineral phases, temperature, and 

ambient stress regimes each leading to unique effects on the slab and the orientation of rupture of deep-

focus earthquakes.  Earthquakes have been located in NE Japan to a depth of ~670 km [Peacock, 1999]. 

Understanding the reasons why such a range in depth exists at subduction zones is the basis for 

answering the fundamental question.  

Identified by depth range, it is possible for intermediate and deep-focus earthquakes to display 

different physical characteristics, suggesting a change in physical mechanism.  This change of physical 

mechanisms with depth suggests the presence of multiple physical mechanisms.        

Mechanisms that have been proposed to explain deep earthquakes include shear instabilities, 
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dehydration of hydrous minerals, the reactivation of faults, and mineral transformations [Tibi, Guenter, 

Wiens, 2003, and ref therein].  The various physical mechanisms initiate rupture through different 

means, allowing for distinction between the responsible mechanisms.    

At the trench, prior to entering the subduction zone, the oceanic plate will rupture in a brittle 

manner due to bending resulting in a series of horst and grobens producing faults that dip toward and 

away from the trench.  Once the slab enters the subduction zone and has a substantial dip, these faults 

will be oriented subhorizontally and subvertically.  Bending of the oceanic plate may be one 

mechanism resulting in planes of seismicity within the slab termed the double seismic zone.

2.1 The Oceanic Plate

As an oceanic plate ages, latent heat associated with the initial formation is lost.  This, general 

relation of age and thermal gradient, allows for the observation of codependency between temperature 

of an oceanic plate and age.  As a tectonic plate cools various changes in the composite structure occur. 

With decreasing temperature, the total thickness of the tectonic plate increases.  Consequently, older 

oceanic plates and their associated slabs are colder and thicker than younger oceanic plates.  Since the 

portion of the Pacific plate in this study is old, 130 Ma, it is assumed a larger thermal gradient exists 

between the slab and surrounding mantle.  

Faulting generated in the Pacific Plate is interpreted as normal faulting in response to forces of 

slab pull [Kobayashi et al., 1998].  Studying the plate in the outer-rise prior to subducting in NE Japan, 

Kobayashi et al. [1998] found no significant difference between faults dipping toward or away from the 

trench.  Additional studies have shown that there is no evidence of recent seamount subduction at NE 

Japan [Zhao et al., 1997].  Seismicity in the plate can initially be attributed to extensional stresses along 

the top of the plate and compressional stresses along the lower portion.

2.2 Temperature-Dependent Earthquake Properties

Wiens [2001] suggested that temperature has a greater effect on the occurrence of deep 
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earthquakes than shallow earthquakes.  Observations in slab dynamics are closely associated with the 

thermal structure of the slab.  This dynamic is evident in observations that identify values of stress 

drops in colder slabs that are lower than warmer slabs following earthquakes [Wiens, 2001].  Such 

results suggest that temperature of the slab is an important factor affecting deep earthquakes.  Such 

results suggest that alterations in the characteristics of slab behavior at deep depths are highly 

temperature dependent.  Temperature of the slab has been linked to many aspects of deep earthquakes. 

Aftershocks are one example of an apparent temperature dependent phenomenon of deep earthquakes. 

Studies have shown that aftershocks are more numerous in cold slabs than warm slabs [Wiens., 2001; 

Antolik, Dreger, and Romanowicz, 1999, Tibi et al., 2003].  Antolik et al. [1999] determined that 

without a temperature controlling mechanism the occurrence of aftershocks within a slab and the 

presence of a double seismic zone are difficult to explain.

Peacock and Wang [1999] and Peacock and Hyndman [1999] demonstrated through thermal 

modeling that H2O is transported to greater depths in NE Japan and other cooler subduction zones than 

in warmer subduction zones.  This observation is in agreement with temperature values required in 

dehydration reactions.  The temperature difference between the Philippine Sea plate and the Pacific 

plate explains lower heat flow and geothermal gradient differences between the two portions of the 

same subduction zone [Zhao, Mishra, and Sanda 2002].  When the slab loses water to the surrounding 

environment, the solidus temperature is lowered.  Results of this process are observable through 

decreased seismic velocity of S-waves in the mantle overlying the slab.  Zhao et al. [2009] identified 

low-velocity areas in NE Japan, alluding to the presence of fluid transported to depth within the slab. 

In Tonga, the coldest part of the slab is the region between the two seismic zones.  Rupture 

propagates toward lower temperatures in the upper seismic zone and higher temperatures in the lower 

seismic zone [Warren et al., 2007].  Variations in rupture velocity are consistent with observations that 

ruptures in warm subduction zones last relatively longer and that there is a longer duration between 
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foreshock and the initiation of the main episode of moment release [Tibi et al., 2003].  

2.3 Seismic Tomography

Tomographic studies of NE Japan have been conducted to depths of 150 km [Zhao et al., 1997; 

Nakajima, Ysuji, Hasegawa, Kita, Okada, and Matsuzawa, 2009], 200 km [Zhao, Hasegawa, and 

Horiuchi, 1992], 500 km [Zhao, Hasegawa, and Kanamori 1994], and 700 km [Abdelwahed and Zhao., 

2007].  The subducting slab is distinguished from the overlying mantle-wedge by a higher average 

(6%) difference in seismic velocity [Zhao et al., 1992, 1994; Takanami, Sacks, and Hasegawa, 2000]. 

Nakajima et al. [2009] concluded that the lower P-wave velocity values of the lower seismic zone 

result from hydrous mineralogy including serpentine-bearing or chlorite-bearing harzburgite.  High 

seismic velocities in the center of the double seismic zone probably reflect the absence of hydrous 

minerals between the earthquake planes [Nakajima et al., 2009].  Supporting these results, Zhao et al. 

[1992] observed that earthquakes within the central portion of the slab were associated with areas of 

high velocity.  Abdelwahed and Zhao [2007] identified low velocity anomalies below the slab that may 

be the result of upwelling from continued subduction.

In the mantle-wedge, low velocity zones dip toward the west from the volcanic front and are 

generally parallel to the subducting slab [Zhao et al., 1992].  Abdelwahed and Zhao [2007] located low 

velocity anomalies in the deep mantle-wedge above the slab.  Zhao et al. [1994] observed distinct low 

velocity anomalies in the upper mantle and crust below active volcanoes in Japan.  All indicating 

increased pore pressure in the area.  This unique development in the mantle-wedge may incorporate a 

chemical portion of the subducting slab as it descends into the Earth. 

2.4 Earthquake Location

Most earthquakes at crustal or shallow depths occur within and along boundaries between 

tectonic plates.  While deep earthquakes are similar to shallow earthquakes, they are unique to 

convergent margins.  At shallow depths earthquakes can be widely dispersed in location when 
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compared to intermediate and deep-focus earthquake locations.  The restriction in location points to the 

importance of subduction zones in earthquake generation.  

Earthquakes are one physical response to applied stresses on a material over time.  The 

existence of brittle failure is an indication of stresses accruing and their eventual releasing.  When an 

ocean plate subducts, numerous changes in stress state occur.  At shallow depths in subduction zones, 

earthquakes focus along the interface of the slab and mantle wedge as well as within the slab.  Deeper 

in subduction zones, earthquake locations are contained within the slab.  Double seismic zones are a 

feature of earthquake locations in subduction zones.  Temperature, age, and thickness of the subducting 

slab have all been connected to the distance between double seismic zones in all subduction zones. 

With greater age of the tectonic plate, the temperature is lower and the thickness increases.  As the slab 

increases in thickness, the distance between the two seismic zones increases.  Earthquake locations aid 

in understanding structural differences of subduction zones.  

The distance between the planes shows that earthquakes are not confined to the crustal material 

of the slab.  The entire thickness of the subducting Pacific plate when accounting for the crust and 

upper-mantle is estimated at 80 – 90 km thick [Zhao et al., 1994].  At 60 -150 km depth, the lower 

plane of earthquakes are located in the central part of the slab, while the upper-plane earthquakes occur 

within 10 – 15 km beneath the slab boundary [Zhao et al., 1997].  That deep earthquakes occur within 

the slab is evident from slip distributions compared with background seismicity and aftershock 

locations.  Moment release for large, deep-focus earthquakes appears to be focused at the slab core, 

suggesting a critical temperature controlling the process of rupture propagation [Antolik et al., 1999]. 

Aftershocks of intermediate and deep-focus earthquakes are observed to be more numerous when the 

initial shock is in an area of increased seismic activity.  If the initial shock is located in an aseismic 

region, the number of aftershocks is decreased [Wiens, 2001].

2.5 Rupture Characteristics
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Determining the fault-plane orientations of intermediate and deep-focus earthquakes has been 

attempted through various means since the discovery by Wadati in 1927.  Numerous methods of 

examining intermediate and deep-focus ruptures to determine fault-plane orientations have been 

developed. These methods include examination of aftershocks locations, subevents contained within a 

seismic signal, the duration of peaks contained within the initial wave form, and rupture directivity.  

Each method used in determining fault-plane orientations of intermediate and deep-focus 

earthquakes makes certain assumptions regarding the rupture process along the fault.  Beck, Sliver, 

Wallace, and James [1995] defined directivity as the systematic variation in relative arrival time of 

seismic pulses that result from finite faulting.  Determining directivity of rupture propagation has been 

accomplished through various methods.  Antolik et al. [1999] demonstrated through synthetic testing 

that station coverage is significant in determining relative amplitudes of subevents but distribution of 

slip can be recovered with 180° station distribution.  The importance of station coverage in evaluating 

directivity has been echoed through various studies of deep earthquakes [Warren 2007, 2008].  

By determining the orientation of the rupture propagation vector, it is possible to identify the 

fault-plane and its orientation.  Beck et al. [1995] constrained the rupture plane using directivity 

analysis of P-wave displacement.  Warren and Silver [2006] developed an analytical technique for 

identifying the primary rupture plane of an earthquake at intermediate- and deep-focus depths.  By 

determining rupture directivity it is possible to identify the primary nodal plane that rupture occurred 

along on a focal mechanism.  Determining the primary rupture plane of intermediate- and deep-focus 

earthquakes presents intriguing difficulties.  Earthquake signals travel such great distances that only 

events of higher magnitude levels are predisposed for examination.  Compounding the difficulty of 

usable earthquake records is the minimal number of seismic stations that have existed around the world 

until recently.  Without visible evidence of the rupture, determining the primary rupture plane requires 

analytical methods not required at shallow depths.  However, despite these difficulties, several studies 
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have been carried out on large magnitude earthquakes that occur throughout the world.

According to Warren et al. [2007, 2008], subhorizontal and subvertical ruptures occur in 

subducting slabs to different extents at intermediate and deep-focus.  For most events, the rupture 

lengths are estimated accurately from the average velocity of moment release and the source duration, 

or by locating the rupture termination point [Tibi et al., 2003].  Antolik et al. [1999] studied several 

earthquakes of various depths.  Each earthquake ruptured along a subhorizontal fault plane or largely 

horizontally along a more steeply dipping fault plane. 
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CHAPTER 3: Methodology

3.1 Overview

Focal mechanisms set two possible fault plane orientations of an earthquake.  However, without 

additional knowledge, it is not possible to know which fault plane ruptured during an earthquake. 

Different methods developed to determine the primary fault plane orientation of deep earthquakes 

include certain assumptions that distinguish the various techniques.  Since rupture must be confined 

along a fault plane, determining the rupture direction also determines the fault plane.  Apparent rupture 

durations will be dependent on the rupture geometry [Warren and Silver, 2006].  Here the assumption 

made is that rupture will propagate in a unilateral or bilateral manner along the fault.  Unilateral rupture 

propagation (Figure 3.1) is in a single direction while bilateral rupture propagation occurs in two 

opposite directions.  Figure 3.1 illustrates the increased duration of P-waves observed at various 

stations as you increase azimuthal distance from the rupture direction.  P-waves are reoriented in Figure 

3.2 to better demonstrate increasing duration when rupture is confined to a single nodal plane. 

Unilateral rupture propagation has been predominantly observed in previous studies [Warren et al., 

2007, 2008; Myhill and Warren, 2012] of subduction zones.  This assumption of rupture propagation 

and determination of fault plane orientation follows the methodology developed by Warren and Silver 

[2006] described below.  Apparent rupture duration τ will vary as the angle θ between rupture direction 

and the takeoff vector varies.

Unilateral rupture is determined by the following equation:

τ(θ)=
L
vr

−
L
α

∗cos (θ) (1)

where θ is the angle between rupture propagation and the takeoff vector to the station, vr is the rupture 

velocity along the length L of the fault, α is the background seismic velocity.  A similar expression can 

be derived for bilateral rupture propagation.
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The RMS (root mean squared) misfit M for P-wave measurements is defined by the equation:

M (r )=√ 1
m∑

i=1

n

∑
j=1

n ,≠i

(sij ,measured−sij , predicted )
2 (2)

m denotes the number of stations, n is the number of measurements made, sij is the stretching factor 

between seismic stations i and j.  The stretching factor is used to calculate the relation between rupture 

duration at stations at angles θi and θj.  In unilateral rupture the stretching factor is defined by the 

equation:

sij=
1−

υr
α

cos (θi)

1−
υr
α

cos (θ j)
(3)

Bootstrap resampling is then conducted to determine errors in the rupture analysis.  The 

selection of random stations allows for the examination of statistical uncertainty values in the rupture 

directivity.

If rupture were represented by an instantaneous point source little to no variation would be 

observed over the focal sphere inhibiting the directivity analysis.

3.2 Description of methodology

The method developed by Warren and Silver [2006] performs a semi-automated measurement 

comparison between the duration of P-wave arrivals at numerous seismic stations.    

Here, I begin by collecting all available seismic data for a single earthquake beginning at 0° - 

100°.  At a later step, distance is reduced to 95°.  Seismic records are then read into SAC from the 

original seed format.  Before the initial analysis, each seismogram is integrated for displacement and 

inspected for P-wave arrival.  P-wave arrivals are picked by hand for each station.  If the P arrival is 

unclear, or the signal contains noise relative to the P-wave amplitude, the record is removed from the 
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processing queue.  

Once P-wave arrival selection is complete, the first iteration is conducted and the differential 

rupture duration between all pairs of seismograms is measured.  Data is then subjected to a grid search 

to determine the best possible rupture direction and velocity on the focal sphere.  RMS values are 

computed for the misfit of vr/α from 0.0 to 0.8 for the rupture model.  After the completion of each 

iteration, seismogram records are inspected individually for possible biases including poor instrument 

response, nodal plane take off vectors, and focal mechanism changes.  Upon completion of measuring 

differential rupture duration of all seismograms, 80% and 95% confidence intervals are computed from 

bootstrap resampling.  Both confidence intervals are overlain on the focal mechanism and are 

compared with the best fitting rupture vector.  

Synthetic seismograms are generated for the best fitting rupture vector on each nodal plane. 

Station distributed is modeled from actual station distribution.  Rupture directivity analysis and 

confidence interval computations for each synthetic result are then conducted in the same manner as for 

the observed data.  Noise is added to each synthetic seismogram at the signal-to-noise ratio measured 

on the observed seismograms.

Upon completion of analysis, results are inspected to determine the nodal plane that contained 

the rupture.  For the nodal plane to be identified as the fault plane, it must meet certain requirements. 

(1) Is the rupture direction within the 95% confidence interval?  (2) Does rupture duration display a 

coherent increase with increased angle between rupture and takeoff vector?  (3) Is the rupture velocity a 

physically reasonable value?  (4) Is there a distinction in misfit between the two planes and is the lower 

misfit value below 0.85?  (5) Do seismic stations used in determining rupture directivity comprise good 

azimuthal coverage?  (6) Do synthetic seismograms generated for each rupture plane agree with the 

observed rupture directivity?  

In Figure 3.3, directivity is observed through the evaluation of the previously stated criteria. 
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For this earthquake rupture is located along the subhorizontal plane in agreement with the 95% 

confidence interval.  A clear increase in duration of the P-wave is observed.  The rupture velocity 

(0.37α) along the subhorizontal nodal plane is a reasonable value.  The misfit 0.42 for of the 

subhorizontal plane is below the required 0.85 and lower than the subvertical misfit value (0.98). 

Station distribution is good in both distance from the event and azimuthal coverage.  Finally, synthetics 

generated for this event (Appendix A) are in good agreement with rupture along the subhorizontal 

nodal plane.  

Figure 3.4 displays an event from this study that did not fulfill the selection criteria because 

increased duration was not observed.  Initially rupture within the 95% confidence interval is located 

along one nodal plane.  However, there is no observable increase in the P-wave duration.  Additionally 

misfit for both nodal planes is high (0.87 horizontal and 0.99 vertical), indicating that rupture 

directivity cannot be determined for this event.
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CHAPTER 4: Data

4.1 Data Acquisition

Earthquakes for this study were identified from the National Earthquake Information Center 

(NEIC).  Earthquake locations were taken from the EHB catalog [Engdahl, van der Hilst, and Buland, 

1998].  Locations for events not found within the EHB bulletin were taken from the CMT catalog 

[Dziewonski and Woodhouse, 1983; Dziewonski et al., 1981].  Individual earthquakes were selected 

according to location, date, depth, and magnitude.  Location of earthquakes used in this study are 

between 45 – 32° N and 150 – 132° E.  Events requested are between the dates of 1 January 1994 and 

31 December 2010.  More specifically, events are selected based on the expected best signal quality 

and distribution.  This time frame was selected from the quality and distribution of seismic stations. 

Prior to 1994, the availability of fewer stations limits the ability to determine directivity.  The depth 

range (70 – 700 km) selected for this study includes both intermediate- and deep-focus earthquakes. 

Generally, higher magnitudes represent a stronger distinction between background noise resulting in an 

overall clarity in identifying incoming seismic waves.  Due to this apparent distinction between lower 

and higher magnitudes, earthquakes with MW > 5.5 are selected in this study.  These criteria resulted in 

the identification of 52 earthquakes for analysis.

After compiling a list of potential earthquakes, seismic records were acquired from the 

Incorporated Research Institutions for Seismology (IRIS).  Of the various options provided by IRIS for 

data request, the WILBER II data request tool was used.  FARM records are initially selected for use in 

this study.  If FARM data is unavailable for an event, SPYDER data are selected.  In the following step, 

a list of all seismic stations that recorded the earthquake are compiled.  Here two additional restrictions 

are applied to the data selection.  The first is a distance restriction of 0 to 100° from the epicenter.  The 

second restriction applied is the vertical broadband channel is the sole channel selected.  The signal-to-

noise ratio is addressed later in the data processing.  Initially data was not rejected based on the 
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contamination of the signal with other sources.  Each seismic record is requested for a period of 2 

minutes before and 10 minutes following the P-wave arrival.

4.2 Useable / Rejected Data

Originally earthquake data for this study was collected based on the location and timing of each 

individual event.  Earthquakes that occurred within a short time period following a selected event were 

deemed aftershocks and were not included.  Following the initial collection process seismic records 

were addressed on a case by case basis to determine directivity.  In order to avoid bias results in 

directivity station records were removed from examination based on numerous parameters.  All station 

recordings along nodal planes were removed along with any station that contained a poor signal-to-

noise ratio.  Additionally, if numerous stations were close in proximity to each other (possibly the same 

network) the best record was selected and the remaining stations were removed, in a step by step 

process.  This selection process of dense station locations was conducted to avoid bias in a single 

direction due to excessive coverage.  Final selections of events were based on criteria listed in the 

Methodology.  When an individual event did not fulfill each requirement for determining directivity, it 

was removed from further consideration. 
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CHAPTER 5: Results

5.1 Rupture Directivity Analysis

In this study, rupture directivity is observed for twenty of the original fifty-two earthquakes. 

Determination of rupture directivity, which must occur along a single nodal plane, distinguishes the 

fault-plane from the secondary nodal plane for deep earthquakes.  Previous studies have shown that 

rupture propagates in unilateral or bilateral motion along the primary nodal plane.  Bilateral rupture is 

reported in previous studies of various different subduction zones.  Here, rupture is reported in a 

unilateral manner.  Ten earthquakes display rupture directivity along the subhorizontal nodal plane. 

Eight earthquakes have observed rupture directivity toward the nodal plane intersection.  Because 

rupture directivity is toward the nodal plane intersection the primary rupture plane cannot be clearly 

determined.  The remaining two earthquakes with observable rupture directivity display bias in data or 

methodology prohibiting identification of the primary rupture plane.  

Calculated values for the twenty earthquakes with observed rupture directivity are included in 

Table 5.1.  Reasoning for the exclusion of the remaining thirty-two events is outlined in Table 5.2. 

Each event with observable directivity is comprised of a set of three figures (Appendix A).  Each figure 

set includes rupture directivity from observed data and calculated synthetics for rupture along the 

subhorizontal and subvertical nodal planes.  For each event, the first synthetic figure is for rupture on 

the subhorizontal nodal plane and the second synthetic figure is for rupture on the subvertical nodal 

plane.  

23



Table 5.1 – Events with observed directivity
Nodal Plane 1 Nodal Plane 2

YRMODY  Time (UTC)  M  p/t  M  p/t 
19940721 18:36:31.74 42.34 132.87 471 7.3  64/34/178 0.48  34/162  0.40 ± 0.04  155/89/56 0.49  29/156  7 ± 10  0.39 ± 0.04
19940831 09:07:25.93 43.72 146.01 76 6.2  58/55/-157 0.73  -23/041  0.45 ± 0.12  314/71/-37 0.98  -61/172  89 ± 95  0.40 ± 0.20
19950331 14:01:40.08 38.21 135.01 354 6.2  91/9/175 0.85 9/170  69 ± 17  0.45 ± 0.16  185/89/81 0.95  29/185  63 ± 41  0.39 ± 0.16
19951130 15:09:22.49 44.28 145.62 136 6.0  39/27/119 0.63  -14/247 60 ± 12  0.47 ± 0.10  187/66/76 0.82  67/274  19 ± 22  0.47 ± 0.15
19961018 16:44:47.91 33.69 137.4 337 5.6 11/14/94 0.80 10/56 50 ± 27  0.38 ± 0.13  187/76/89 0.94  14/004  6 ± 65  0.55 ± 0.21
19971115 07:05:16.64 43.81 145.02 161 6.1 07/11/71 0.83 5/305  37 ± 13  0.35 ± 0.07  70/89/97 0.95  -38/251  48 ± 32  0.47 ± 0.25
19990109 03:05:37.57 44.39 147.31 119 5.6  160/20/-3 0.66  -4/352 3 ± 29  0.56 ± 0.16  253/89/-110 0.98  -80/079  71 ± 93  0.68 ± 0.19
19990408 13:10:34.08 43.61 130.35 565 7.1  81/25/160 0.74  19/213  19 ± 6  0.34 ± 0.03  189/82/67 0.72  53/200  62 ± 6  0.47 ± 0.04
20001222 10:13:01.11 44.79 147.2 140 6.2  11/12/-151 0.68  -8/236 19 ± 14  0.38 ± 0.10  252/84/-80 0.68  34/256  40 ± 25  0.33 ± 0.05
20010426 17:48:57.47 43.1 145.92 86 6.0  92/16/-47 0.74  -3/080 27 ± 22  0.44 ± 0.11  228/78/101 0.72  28/042  34 ± 24  0.35 ± 0.11
20011202 13:01:53.67 39.4 141.09 123 6.5  353/7/-93 0.86  -3/331 26 ± 12  0.38 ± 0.09  176/83/-90 0.88  40/350  52 ± 26  0.39 ± 0.12
20020628 17:19:30.27 43.75 130.67 566 7.3  27/13/105 0.55 0/207 17 ± 5  0.24 ± 0.02  192/77/86 0.58  -21/187  27 ± 10  0.32 ± 0.04
20031112 08:26:43.74 33.17 137.07 384 6.4  50/34/156 0.74  -6/041  54 ± 9  0.39 ± 0.08  160/77/59 1.00  42/328  13 ± 116  0.28 ± 0.22
20050921 02:25:08.11 43.89 146.15 103 6.1  97/10/-40 0.88  -7/057  11 ± 25  0.25 ± 0.08  226/84/-98 0.82  42/040  50 ± 17  0.29 ± 0.05
20070115 18:17:59.25 34.89 138.64 170 5.9  80/34/177 0.89  15/103  24 ± 23  0.23 ± 0.05  172/89/56 1.00  39/173  85 ± 103  0.17 ± 0.12
20070716 14:17:37.34 36.81 134.85 350 6.8  290/46/-10 0.85  41/054  14 ± 15  0.24 ± 0.05  27/83/-136 0.85  15/029  31 ± 23  0.29 ± 0.09
20080604 17:03:06.66 41.54 139.06 250 5.7  92/38/166 0.81 12/256  59 ± 40  0.33 ± 0.12  194/81/53 0.83  74/229  56 ± 19  0.57 ± 0.09
20080723 15:26:19.95 39.8 141.46 108 6.8  14/18/-75 0.61  17/088  89 ± 13  0.41 ± 0.10  178/73/-95 0.99  -72/071  73 ± 56  0.49 ± 0.26
20090809 10:55:55.11 33.17 137.94 292 7.1  86/17/168 0.42 7/107  9 ± 4   0.37 ± 0.02   187/86/73 0.98  -37/010  20 ± 48  0.19 ± 0.14
20100218 01:13:19.51 42.59 130.7 577 6.9  71/15/166 0.85 11/206  34 ± 21  0.18 ± 0.0  175/87/76 0.88 5/175  3 ± 21  0.18 ± 0.05
M Misfit
p/t Plunge/Trend of rupture vector

bold indicates identified / preferred fault plane

 Lat (°N)  Lon (°E)
 Depth 
(km)  M

W  str/dip/rake 1 γ  ν
r
/α  str/dip/rake 2 γ  ν

r
/α 

 4 ± 2 
78 ± 45

γ angle between rupture vector and slip vector
 ν

r
/α rupture velocity/P-wave velocity

str/dip/rake strike/dip/rake
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Table 5.2 – Events excluded from study with specific reasoning

YRMODY  Time (UTC)  Reason for Rejection
19950330  22:15:52.12 44.84 137.54 319 5.8  165/53/-14  264/79/-142  Poor station distribution
19950707  21:15:19.70 33.97 137.13 333 6.0  328//15/75  163/75/94  Poor station distribution
19960201  07:18:04.23 44.85 146.27 170 6.2  55/59/175  148/86/31  Poor station distribution
19961203  15:49:12.82 37.49 139.48 138 5.7  299/38/14  198/82/127  Poor station distribution
19961222  14:53:27.62 43.21 138.92 226 6.5  131/27/-38  255/74/-122  No clear directivity
19980409  08:45:40.93 36.92 140.82 110 5.5  111/39/-42  236/65/-121  Poor station distribution
19960201  07:18:04.23 44.85 146.27 170 6.2  55/59/175  148/86/31  Poor station distribution
19980707  14:32:00.87 32.58 140 112 5.5  66/73/9  334/81/163  Poor station distribution
19990512  17:59:22.40 43.03 143.84 102 6.2  90/21/-94  273/69/-89  No clear directivity
19990726   2:45:47.45 40.78 141.68 104 5.7  61/37/170  159/84/54  Poor station distribution
20000213  02:57:08.72 42.85 131.57 513 6.0 66/69/-163 330/74/-22  Poor station distribution
20000421  11:06:16.02 35.67 135.49 346 5.5  50/30/-94  234/60/-88  Poor station distribution
20020521  20:04:16.16 44.43 146.62 149 5.5  148/45/0  58/90/135  Poor station distribution
20020915  08:39;32.70 44.83 139.92 586 6.4  98/19/163  204/85/72  No clear directivity
20030219  05:01:40.27 44.15 141.8 214 5.9 176/39/-19 281/78/-127  Poor station distribution
20030831  23:08:00.26 43.39 132.27 481 6.2 77/45/-179 346/89/-45  No clear directivity
20040520  14:43:14.04 43.12 136.41 313 5.6  78/30/136  208/70/67  Poor station distribution
20050222  11:20:25.28 33.18 137.15 369 5.6  54/25/141  181/75/70  Poor station distribution
20051023  10:08:14.74 37.38 134.56 380 5.9  302/23/36  178/77/109  No clear directivity
20060611  20:01:26.35 33.13 131.15 140 6.3  181/30/51  45/67/110  Poor station distribution
20060821  22:20:49.48 33.63 135.82 411 5.5  42/24/162  148/83/67  Poor station distribution
20060916   2:22:50.62 41.36 135.7 367 5.9  85/36/162  189/80/55  Poor station distribution
20070309  03:22:42.76 43.22 133.53 441 6.0  357/11/64  204/80/95  No clear directivity
20070401  02:51:05.30 32.35 137.61 378 5.7  70/11/167  172/88/80  No clear directivity
20070418  15:07:31.60 42.66 141.86 119 5.5  113/53/-13  210/80/-142  Poor station distribution

 Lat 
(°N)

 Lon 
(°E)

 Depth 
(km)  M

W
  str/dip/rake 1  str/dip/rake 2 
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5.2 Identified Subhorizontal Fault Planes

The following ten earthquakes have observed rupture directivity along the subhorizontal nodal 

plane.  These earthquakes are of MW 5.6 – 7.1, and depth 108 – 577 km below the surface of the earth. 

The first earthquake presented occurred on August 9, 2009, with MW 7.1 at a depth of 292 km 

(See Appendix A: Figure A55).  Following steps described in the methodology, the fault plane was 

identified.  The subhorizontal rupture vector is within the 95% confidence region outlined in Figure 

A55.  The subvertical rupture vector is not within either the 95% or 80% confidence regions.  Increased 

duration for subhorizontal rupture is apparent throughout the entire azimuthal distance of records. 

These subevents also display increasing duration as azimuthal distance increases from the rupture 

direction.  Rupture velocity for the event is estimated at 0.37α within the maximum value of 0.8α.  The 

misfit of 0.42 is well below the maximum value of 0.85.  Stretching factors for rupture along the 

subhorizontal rupture are well distributed along a 1 to 1 ratio.  Stations used for this event are well 

distributed around the focus.  Stations are slightly clustered in distribution but to an insignificant 

extent.  Synthetics generated for rupture along the subhorizontal nodal plane are in good agreement 

with observed results (Figure A56).  Subvertical synthetics do not replicate observed data (Figure A57). 

From these criteria, I am able to conclude that rupture for the August 9, 2009, event propagated along 

the subhorizontal nodal plane.  Therefore the subhorizontal plane is the fault plane for the earthquake.

On March 31, 1995, MW 6.2 earthquake occurred at 354 km (Figure A7).  Station distribution 

for this event is tightly spaced around the center and west of the focal mechanism.  Rupture directivity 

is identified along the horizontal nodal plane within the 95% confidence interval.  This result is in 

agreement with synthetic seismograms (Figures A8 – A9) for rupture along the horizontal nodal plane.  

On November 30, 1995, a MW 6.0 earthquake occurred at 136 km (Figure A10).  Station 

distribution for this earthquake is good despite a smaller number of records.  Overall the good station 
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distribution allows for the identification of rupture along the southeast dipping nodal plane.  Rupture 

along the southeast dipping nodal plane is within the 80% confidence interval while rupture directivity 

along the near-vertical nodal plane is along the edge of the 80% interval.  Rupture is determined along 

the southeast dipping nodal plane because the misfit along the near-vertical is much higher than the 

southeast dipping and synthetics (Figures A11 – A12) for the southeast dipping match the event better 

than those along the vertical plane.

On October 18, 1996, MW 5.6 earthquake occurred at 337 km (Figure A13).  Station distribution 

for this earthquake is concentrated to the west of the epicenter, with few stations to the east.  Despite 

the lack of a good uniform station distribution, the spread was sufficient to identify rupture directivity 

along the horizontal nodal plane within a wide 95% confidence region. Synthetic seismograms (Figures 

A14 – A15) generated for this event along the horizontal nodal plane are in good agreement with the 

observed results. 

On November 15, 1997, MW 6.1 earthquake occurred at 161 km (Figure A16).  Here station 

distribution is good with dense coverage to the northeast.  Rupture is identified along the horizontal 

plane within the 95% confidence interval.  Synthetic seismograms (Figures A17 – A18) generated for 

rupture along the horizontal nodal plane are in good agreement with the results of this earthquake.

On January 9, 1999, MW 5.6 earthquake occurred at 119 km (Figure A19).  Few stations were 

used in examining the directivity of this event.  Total station distribution is sparse.  However, we were 

still able to determine that rupture occurred along the horizontal nodal plane within the 95% confidence 

interval.  Synthetic seismograms (Figures A20 – A21) for rupture along the horizontal nodal plane are 

in good agreement with this event.  This event represents the smallest magnitude earthquake for which 

the fault plane is identified with the method of Warren and Silver [2006].

On November 12, 2003, MW 6.4 earthquake occurred at 384 km (Figure A37).  Station 

distribution for this earthquake is good: a small number of stations are clustered but do not appear to 
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bias results.  Rupture for this event is identified along the northeast striking nodal plane within the 95% 

confidence interval.  Synthetic (Figures A38 – A39) results of rupture along the horizontal or southeast 

dipping nodal plane are in good agreement with the earthquake.

On January 15, 2007, MW 5.9 earthquake occurred at 170 km (Figure A43).  Station distribution 

for this earthquake was sufficient to determine directivity.  However, there was significant clustering of 

stations.  In addition the station distribution the misfit of the subhorizontal nodal plane (0.89) is above 

0.85.  Rupture directivity was identified in the near-horizontal or east-west striking plane within the 

80% confidence interval but outside of the 95% interval.  Rupture for this event was well replicated in 

synthetic seismograms (Figures A44 – A45) for the east-west striking nodal plane.  

On July 23, 2008, MW 6.8 earthquake occurred at 108 km (Figure A52).  Station distribution for 

this earthquake is slightly clustered and sparse.  Still, we are able to determine that rupture occurred 

along the horizontal nodal plane within the 95% confidence interval.  The rupture pattern of this event 

is well replicated by synthetic seismograms (Figures A53 – A54) for rupture along the horizontal plane. 

On February 18, 2010, MW 6.9 earthquake occurred at 577 km (Figure A58).  Station 

distribution for this earthquake is good.  For this event, rupture along the horizontal and vertical nodal 

planes is within the 95% confidence region.  Despite this narrow difference in rupture directivity this 

event is identified to have rupture along the horizontal nodal plane.  Rupture is concluded to be along 

the horizontal nodal plane for two reasons.  First the misfit along the vertical nodal plane is higher than 

the horizontal.  In addition, synthetics (Figures A59 – A60) along the horizontal nodal plane replicate 

the rupture better than those along the vertical nodal plane. 

5.3 Vertical Fault Planes

No earthquakes analyzed in this study have observable rupture directivity along the vertical 

nodal plane.  However, eight earthquakes in this study propagate toward the nodal plane intersection. 

For these earthquakes, rupture directivity is observed towards the intersection of the nodal planes 
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where vertical rupture directivity may enter the 80% and 95% confidence intervals.  This result 

represents two possible motions for rupture directivity.  Along the vertical nodal plane rupture 

directivity can be represented by a full 360° distribution.  It is also possible for rupture to propagate 

horizontally along the vertical nodal plane at the intersection.  Because of the inclusion of the nodal 

plane intersection, identification of the rupture directivity is not possible.  Therefore, verifying the 

vertical nodal plane as the primary rupture plane is not possible.

5.4 Rupture Toward the Nodal Plane Intersection

The following eight earthquakes listed display rupture directivity toward the intersection of the 

nodal planes.  Because rupture is toward the nodal plane intersection, neither plane may be identified as 

the primary rupture plane.  If rupture directivity for either plane demonstrates a more rigorous 

identification, it will be termed the preferred rupture plane.  

On July 21, 1994, MW 7.3 earthquake occurred at 471 km (Figure A1).  Station distribution for 

this event is well dispersed throughout the focal sphere and should not bias rupture directivity 

determination.  Both the horizontal and vertical nodal planes are within the 95% confidence interval for 

this event.  Synthetics (Figures A2 – A3) along the horizontal and vertical nodal planes do not 

distinguish which plane rupture occurred on.  This earthquake has included in previous investigations 

of deep earthquakes [Warren and Silver, 2006; Tibi et al., 2003; Chen et al., 1996; Antolik et al., 1999] 

where rupture was determined to be along the shallow dipping nodal plane.

On April 8, 1999, MW 7.1 earthquake occurred at 565 km (Figure A22).  Rupture directivity on 

both nodal planes is along the edge of the 80% confidence interval.  Station distribution for this event is 

well dispersed throughout the focal sphere and does not bias directivity results.  Synthetic seismograms 

(Figures A23 – A24) for both the horizontal and vertical nodal planes replicate the rupture of the 

earthquake.  This event has been previously investigated by Tibi et al. [2003], who found rupture along 

the subhorizontal plane.
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On December 22, 2000, MW 6.2 earthquake occurred at 140 km (Figure A25).  Rupture on the 

horizontal nodal plane is within the 95% confidence interval while rupture on the vertical nodal plane is 

within the 80% confidence interval at the edge of the 95% interval.  Seismic stations are distributed to 

the north and south of the epicenter.  However, spatial distribution around the entire focal sphere is not 

good.  Synthetic seismograms for this event were generated for rupture along both the horizontal and 

vertical nodal planes.  Synthetics (Figures A26 – A27) of the vertical nodal plane provide a slightly 

better replication of observed rupture for this event.  From directivity results of this event it is possible 

to label the horizontal nodal plane as the primary plane of rupture.

On April 26, 2001, MW 6.0 earthquake occurred at 86 km (Figure A28).  Rupture along the 

horizontal and vertical nodal planes are within the 95% confidence interval.  Station distribution for the 

event is concentrated to the northwest of the epicenter and may represent a slight bias on the directivity 

results.  Synthetics (Figures A29 – A30) generated for this event replicate the actual rupture when along 

the vertical nodal plane.  From this it is possible to label the vertical plane as the preferred rupture 

plane.  

On December 2, 2001, MW 6.5 earthquake occurred at 123 km (Figure A31).  Rupture along the 

horizontal nodal plane is within the 95% confidence interval while rupture along the vertical nodal 

plane is within the 80% confidence interval.  Station distribution for the event is good.  Synthetics 

(Figures A32 – A33) for rupture along the horizontal nodal plane are a better match to the data than 

synthetics for the vertical nodal plane.  These results of directivity indicate the horizontal nodal plane 

as the primary rupture plane.

On June 28, 2002, MW 7.3 earthquake occurred at 566 km (Figure A34).  Rupture directivity on 

both nodal planes is well outside of the 80% confidence interval.  Station distribution for this event is 

well dispersed throughout the focal sphere and not considered to bias directivity results.  Synthetic 

seismograms (Figures A35 – A36) for the horizontal nodal plane replicate the rupture of the earthquake. 
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From the synthetic data it is possible to label the horizontal nodal plane as the primary rupture plane. 

This result of rupture along the subhorizontal plane is in agreement with previous studies [Tibi et al., 

2003].

On September 21, 2005, MW 6.1 earthquake occurred at 103 km (Figure A40).  Rupture on the 

vertical plane is within the 95% confidence interval while rupture on the horizontal plane is within the 

80% confidence interval.  The confidence intervals identify the vertical plane as the preferred rupture 

plane.  Synthetic seismograms (Figures A41 – A42) of rupture along the vertical nodal plane provide a 

better representation than rupture along the horizontal nodal plane.  From the available data and 

calculation of synthetic seismograms, the vertical nodal plane is considered the primary rupture plane. 

Station distribution for this event is confined in a narrow region to the north and west of the epicenter 

which, may bias results.  

On July 16, 2007, MW 6.8 earthquake occurred at 350 km (Figure A46).  Rupture on both the 

northeast and northwest dipping nodal planes are within the 95% confidence interval.  Synthetics 

(Figures A47 – A48) for rupture along the northwest dipping nodal plane match the actual rupture 

pattern better than rupture along the northeast dipping nodal plane.  Because rupture was replicated 

more clearly from the northwest dipping nodal plane, it is labeled the primary rupture plane.  

5.6 Inconclusive Results

Rupture directivity of an earthquake must propagate along a nodal plane.  A bias is observed 

when recovered directivity is not along a nodal plane.  Despite the robust methodology developed by 

Warren and Silver [2006], possible limitations in determining rupture directivity remain.  Of the twenty 

earthquakes with identified rupture directivity, the determined rupture vectors for two earthquakes are 

not along nodal planes.  Since rupture directivity must be along a nodal plane, these events represent 

some bias.  Biases may include poor station distribution, relatively no change in P-wave duration, 

signal contamination, or improper methodology.
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On August 31, 1994, MW 6.2 earthquake occurred at a depth of 76 km (Figure A4).  Directivity 

was identified not on a nodal plane.  Subhorizontal rupture along the southeast-dipping plane is within 

the 95% confidence interval.  Station distribution for this earthquake is concentrated to the western 

portion of the focal mechanism, presenting a possible bias.  Neither set of synthetics (Figures A5 – A6) 

calculated for this event provide a good representation of the observed rupture.

On June 4, 2008, MW 5.7 earthquake occurred at a depth of 205 km (Figure A52).  Directivity 

was identified not along a nodal plane.  Rupture along the horizontal plane is located inside the 95% 

confidence interval.  Vertical rupture is identified along the edge of the 95% confidence interval. 

Station distribution is poor and significantly clustered to the northeast and northwest.  Synthetics 

generated for this earthquake show poor recovery for the vertical direction.  The station distribution 

may have affected the recovery of synthetics for this event (Figures A53 – A54).  The subhorizontal 

rupture is located within the 95% confidence region.  However, as rupture is not identified along the 

nodal plane, the primary rupture plane cannot be identified.  Therefore, the preferred rupture plane for 

this event is the subhorizontal nodal plane.  However, identification along the subhorizontal nodal 

plane is a possible result of bias.
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CHAPTER 6: Discussion

6.1 Summary

In this study, fifty-two moderate to large (MW 5.5 – 7.3) earthquakes are examined for rupture 

directivity to determine the nodal plane that slipped.  Duration of P wave signals aligned relative to the 

take-off vector and station location were used to calculate the rupture directivity for each earthquake. 

Nodal planes for intermediate- and deep-focus earthquakes are generally observed to be in near-

horizontal and near-vertical orientations.  Observing rupture directivity along one of these nodal planes 

identifies it as the fault-plane.  When rupture propagates towards the intersection of the nodal planes 

determining which plane slipped cannot be ascertained with this method.  The misfit value is one 

criterion in determining rupture directivity.

Confidence intervals, rupture velocities, and synthetic seismograms generated for the 

subhorizontal and subvertical nodal planes are employed to determine the preferred rupture plane. 

Confidence intervals are calculated for each event in order to determine the most likely rupture vector. 

A nodal plane with the lowest misfit, < 0.85, is considered to be the primary rupture plane.  If rupture 

directivity is in good agreement with the confidence region plotted on the focal sphere, has a 

reasonable velocity, and/or synthetic seismograms provide a reasonable replication of the actual 

rupture, the nodal plane is termed the preferred rupture plane.  

Figure 6.1 shows the recovered dip and azimuthal rupture direction for the eighteen events with 

identified rupture directivity.  In Figure 6.2, each event is plotted positioned on the subducting slab. 

Figure 6.2 shows that events selected for this study are well distributed along the subducting slab. 

Throughout the subduction process subhorizontal planes are located at both intermediate and deep-

focus depths.  A map view of the subducting slab with earthquake locations is provided in Figure 6.3.

Because directivity is calculated based on azimuthal as well as distance by a change in signal 

pulse duration, a lack of measurable change in signal duration would result in indeterminate rupture 

33



34



35



36



directivity.  Lack of directivity is apparent in thirty-two earthquakes examined in this study.  Reasons of 

unresolved directivity can be due the quality of seismic records or effects due to signal-to-noise ratio. 

Higher earthquake magnitude, high signal-to-noise ratios, and ample station distribution provides the 

best results when determining directivity.

6.2 Conclusion

Regardless of earthquake depth, analyzed earthquakes tend to rupture subhorizontally.  A 

predominance of subhorizontal rupture has previously been observed for intermediate-depth 

earthquakes in Tonga-Kermadec, Izu-Bonin-Marianas, Middle America, and South America [Myhill 

and Warren, 2012; Warren et al., 2007, 2008].  For earthquakes at depths greater than 300 km a 

predominance of subhorizontal fault has also been observed in Izu-Bonin-Marianas [Myhill and 

Warren, 2001] whereas more varied fault orientations have been identified in Tonga-Kermadec [Warren 

et al., 2007].

Every subduction zone is comprised of a unique structure and history.  Continued analysis of 

intermediate- and deep-focus earthquakes within subduction zones is beneficial for understanding the 

responses of different physical mechanisms at depth.  Understanding earthquake mechanisms below 

shallow depths remains a fundamental subject of interest in geophysics.  In this thesis, the NE Japan 

subduction zone was investigated for rupture directivity of intermediate- and deep-focus earthquakes. 

Examining rupture along fault planes provides clues to the physical mechanisms responsible for brittle 

failure.  Focal mechanisms are used to represent the two nodal planes of an earthquake.  As an 

earthquake ruptures, the nodal plane that slips is the fault plane.  However, unlike at shallow depths, 

intermediate- and deep-focus earthquakes offer a significant complication in determining the fault-

plane orientations.  

Regardless of depth, rupture is observed primarily along the horizontal nodal plane.  Three 

events are observed to rupture along the vertical nodal plane.  However, subvertical events originally 
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are directed towards the intersection of the nodal plane resulting in preferred rupture planes in place of 

primary rupture planes.  There is no apparent clustering of earthquake locations or fault plane 

orientations along the slab.  Figure 6.2 shows that fault planes are oriented in a subhorizontal manner 

throughout the subducting slab.  If rupture directivity or fault plane orientations are similar throughout 

subduction, uniform and consistent ambient stresses acting on the slab may be the cause.  Variation of 

rupture directivity helps in determining the mechanisms behind brittle failures among subduction zones 

[Warren et al., 2008].  Continued rupture along the horizontal nodal plane may be the result of 

persistent stresses beginning at intermediate depths and continuing to deep depths.  Azimuthal spread 

of rupture direction suggest the slab is capable of slipping in multiple directions.  Rupture variations 

may also indicate differences in the composition of the slab affecting earthquake generation. 

Azimuthal station distribution and distance from the epicenter is key to resolving directivity of rupture 

[Myhill and Warren. 2010].

Eight earthquakes are identified to rupture in the direction of the nodal plane intersection. 

Three of the earthquakes with observed rupture towards the nodal plane intersection have preferred 

rupture directivity along the horizontal nodal plane.  Examination of synthetic seismograms for these 

results shows that they replicate rupture along the horizontal nodal plane.  In total, thirteen earthquakes 

are observed to rupture along the horizontal nodal plane.  

From the twenty earthquakes with observed directivity, there is no directly observable rupture 

along a vertical nodal plane.  Three earthquakes with directivity toward the nodal plane intersection 

have preferred rupture along the vertical nodal plane.  As these events are directed toward the 

intersection of the nodal planes, it is not possible to determine if rupture occurred along the 

subhorizontal nodal plane or horizontally along the subvertical nodal plane.  The preferred subvertical 

earthquakes are located at intermediate-focus depths of 86 and 103 km.  The third vertical rupture 

occurred at a deep-focus depth of 350 km.  
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From earthquake results with directivity towards the nodal plane intersection, two do not align 

with either nodal plane.  Identification of the primary or preferred nodal plane is not possible for these 

earthquakes.  Two earthquakes from the twenty identify the best fitting rupture direction.  However, 

they are not located along a nodal plane.  Because rupture propagation is not possible off of the nodal 

planes, these four earthquakes could be the result of an evaluation bias.  These events are still beneficial 

as they provide an opportunity to examine possible limitations that can be used to improve upon the 

methodology or specific requirements in determining rupture directivity.

While continued existence of outer-rise faults at the depth of deep earthquakes remains 

unknown, subhorizontal ruptures align with the corrected orientation of seaward-dipping fault planes. 

Through examining fault plane orientation several physical mechanisms are studied including 

reactivation of faults, dehydration reactions, phases changes, and responses to ambient stresses.  At 

intermediate depths, subhorizontal rupture may be caused by increases in pore pressure generated by 

dehydration at depth.  The preferential occurrence of subhorizontal rupture at intermediate depths 

indicates a somewhat uniform change with depth such as a dehydration reaction.  While these theories 

provide possible explanations, deep fault plane orientations are aligned to release stresses efficiently 

from slab deformation.  Therefore, deep earthquakes would be the result of reorientation of the slab 

from a resisting force, similar to shallow earthquakes at the beginning of subduction.  Because 

directivity was toward the intersection of the nodal planes for numerous earthquakes in this study, 

rupture along the subhorizontal fault plane may not be the exclusive orientation of deep earthquakes.  
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