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Abstract 

In general, the concept of a seismic cycle, especially in subduction zones, consists 

of three phases: interseismic, coseismic, and postseismic. These three phases can 

be observed through surface crustal movement observations with Global 

Navigation Satellite System (GNSS) because these three phases have different 

directions of velocities. During the interseismic stage, all GNSS stations on an arc 

move landward; during the coseismic stage, they jump seaward, and during the 

postseismic stage, they slowly move seaward and eventually return to the 

interseismic regime. During the postseismic phase, the deformation caused by the 

viscoelastic relaxation results in prolonged seaward movement.  

Apart from such a classical concept of postseismic seaward movement, several 

previous studies have also found increased landward surface velocities in the early 

postseismic stages, especially in segments adjacent along-trench to the megathrust 

ruptures.  

Such cases have been found for the 2003 Tokachi-oki and the 2011 Tohoku-oki 

earthquakes, NE Japan. A similar increase of landward velocities was reported for 

the segments to the north of the rupture of the 2010 Maule earthquake, Chile. I 

utilize available GNSS data to find such changes for six megathrust earthquakes in 

four subduction zones, including NE Japan, central and northern Chile, Sumatra, 

and Mexico to investigate their common features. My study showed that such 

increase, ranging from a few mm/yr to ~1 cm/yr, also appeared in adjacent segments 

of the 2014 Iquique (Chile), the 2007 Bengkulu (Sumatra), and the 2012 Oaxaca 

(Mexico) earthquakes in addition to the three previously known cases.  

The region of the increased landward movements usually extends with spatial decay 
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and reach the distance comparable to the along-strike fault length. On the other hand, 

the temporal decay of the increased velocity is not clear at present. The degree of 

increase seems to depend on the earthquake magnitude, and possibly scales with 

the average fault slip in the earthquake. This is consistent with the simple two-

dimensional model proposed earlier to attribute the phenomenon to the enhanced 

coupling caused by accelerated slab subduction. However, these data are not strong 

enough to rule out other possibilities. 

 In addition to the information above, I also investigated possible increase in 

background seismicity following the 2011 Tohoku-oki and the 2010 Maule 

earthquakes in the regions where GNSS stations showed enhanced coupling. Recent 

studies suggest that relative plate velocity correlates positively with the seismicity 

and predict that background seismicity increases where plate convergence 

accelerates. There, I found a moderate but significant increase in seismicity of 

~10%, somewhat smaller than the rates of increased landward velocities.  
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Chapter 1: Introduction 1 

 2 

 3 

 4 

1.1 Backgrounds 5 

1.1.1 Classical Concept of Seismic Cycle 6 

Earthquakes occur due to the presence of locked plates interfaces, resulting in 7 

lithospheric stress and strain. Accumulated compressional and extensional strain 8 

that exceeds the elasticity limit of rock is released as fault dislocations, which let 9 

seismic waves to radiate from the faults. 10 

Earthquakes that occurred at a certain time often recur after a while. Such 11 

cycles continue over thousands of years and are called the “earthquake cycle 12 

(seismic cycle)” (e.g. see Broerse, 2012). Records of past earthquake cycles can be 13 

found from old documents recording them or through geological observations such 14 

as stratigraphic studies of rocks, coral reefs, paleo-tsunami, and paleo-seismology 15 

(e.g. Natawidjaja et al., 2006). 16 

Advent of space geodetic techniques such as Global Navigation Satellite 17 

System (GNSS) since 1990s established the classical concept of crustal movement 18 

in an earthquake cycle. According to this concept, forearc movements at convergent 19 

plate boundaries over seismic cycle are characterized by the alternation of slow 20 

interseismic landward movement and coseismic trenchward jump. The interseismic 21 

movements reflect interplate coupling that accumulates strain toward the next 22 

interplate earthquakes. The coseismic jumps correspond to the release of such strain. 23 
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Following coseismic jumps, we often observe transient postseismic crustal 24 

deformation. Its mechanisms can be divided into 3 types, that is: 25 

1. Poroelastic rebound; deformation that occurs due to fluid moving from a 26 

place with high pressure to a place with low pressure driven by compression 27 

(e.g. Jónsson et al. 2003). 28 

2. Afterslip; the slow displacement that occurs due to slow continuing slips of 29 

the fault (e.g. Heki et al., 1997). 30 

3. Viscoelastic relaxation; relaxation of shear stress coming from viscous flow 31 

in the asthenosphere (e.g. Wang et al., 2012). 32 

The three mechanisms differ both in space and time domains. Peltzer et al. 33 

(1998) showed that poroelastic deformation occurred over a short period of time, 34 

usually within a few months after the main earthquake and/or within small distance 35 

from the fault, say 10-20 km. In addition to it, crustal deformation due to afterslip 36 

and viscoelastic relaxation occur over a larger spatial and temporal scale. 37 

Deformation caused by viscoelastic relaxation mechanism may continue for 38 

decades after a megathrust earthquake. A typical example can be found in the 39 

postseismic deformations of the 1964 Alaska earthquake (Mw 9.2) lasting more than 40 

30 years (Suito and Freymueller, 2009). 41 

 42 

1.1.2 Postseismic Deformation Studies 43 

In the 1980s, Thatcher and Rundle (1984) developed a two-dimensional model 44 

to explain the long-term deformations recorded in the Nankai subduction zone, 45 

southwest Japan. They concluded that three main stages exist in crustal deformation 46 

of every major earthquake; interseismic, coseismic, and postseismic. Research in 47 
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later years suggested that the asthenospheric viscosity in subduction zones is in the 48 

order of 1019 Pa∙s, lower than the global average of 1020–1021 Pa∙s (Wang, 2007). 49 

Important findings since the 1980s include: 50 

1. The importance of viscosity of the wedge mantle, 51 

2. Viscoelastic effect consists of short- and long-term components, 52 

3. Existence of afterslips, 53 

4. Magnitude-dependent relaxation times. 54 

Another development is that the previously used viscosity value ~1019 Pa∙s was 55 

updated. The viscosity used to explain satellite gravity observations after the 2004 56 

Sumatra earthquake was 1018–1019 Pa∙s (Panet et al., 2010; Han et al., 2008). 57 

In the 1980s, postseismic relaxation time constant could not be constrained 58 

with sufficient accuracy until the development of Global Positioning System (GPS), 59 

the first GNSS developed in America. This technology revolutionized the 60 

measurement of crustal deformation. Since the early 1990s, GPS measurements, 61 

both campaign and continuous observations, have delineated the typical patterns of 62 

coseismic, postseismic, and interseismic crustal deformation in many subduction 63 

zones with high precision. These studies showed that deformation in subduction 64 

zones changes pattern in an earthquake cycle as suggested earlier by Thatcher and 65 

Rundle (1984) and Wang et al. (2012). 66 

From these studies, it can be seen that when a large interplate earthquake occurs, 67 

all GNSS stations move trenchward. Over time, part of the GNSS stations continues 68 

to move trenchward, and some start to move landward. Ultimately, all GNSS 69 

stations move landward as they did before the earthquake (Figure 1.1). We now 70 

have a better knowledge on the time evolution of two-dimensional crustal 71 
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deformation pattern in a subduction zone over an earthquake cycle. Recent advent 72 

of sea floor geodesy revealed postseismic landward motion of the oceanic 73 

lithosphere near the Japan Trench after the 2011 Tohoku-oki earthquake (Mw 9.0), 74 

which is considered a part of the viscous relaxation (Sun et al., 2014). 75 

 76 

 77 

Figure 1.1. Surface velocity vectors in three subduction zones at different 78 
stages of the seismic cycle. GNSS velocities are marked in red and predictive 79 
models are marked in blue. (a) Velocity vector for postseismic deformation of 80 
the 2004 Sumatra-Andaman earthquake, (b) Velocity vector for mixed 81 
postseismic and interseismic deformation of the 1960 Valdivia (Chile) 82 
earthquake, (c) Interseismic deformation velocity vector ~400 years after the 83 
1600 Cascadia earthquake (Wang, 2012). 84 

 85 

1.1.3 Viscoelastic Relaxation 86 

Postseismic stress relaxation realized by viscous flow at the lower crust and/or 87 

the upper mantle is one of the mechanisms that gives rise to postseismic 88 

deformation. Viscoelastic substances have both elastic and viscous properties. The 89 

viscous component makes deformation time dependent. There are several different 90 

types of viscoelastic substances, such as Maxwell, Kelvin, and Burgers substances. 91 
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Figure 1.2 and Figure 1.3 explain viscoelastic rheology as a combination of springs 92 

and dashpots. 93 

 94 

 95 

Figure 1.2. Simple mechanical analogy for Maxwell (left) and Kelvin 96 
rheology. μ is the shear modulus of the elastic element (spring); η is the 97 
viscosity of the viscous element (dashpot) (Ryder, 2006). 98 

 99 

Figure 1.3. Burgers rheology (Gunawan, 2014). 100 

The temporal evolution of the stress is shown in Figure 1.4. 101 

 102 

Figure 1.4. Stress relaxation curve for the Maxwell rheology (Ryder, 2006). 103 

 104 

Maxwell model of the mantle was first introduced by Nur and Mavko (1970) 105 

to model a delayed crustal response to an earthquake (Schubert et al., 2001). The 106 
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Maxwell's rheology has been shown to fit various kinds of deformation in 107 

subduction zones such as Chile (Moreno et al., 2011; Wang, 2007) and Alaska 108 

(Suito and Freymueller, 2009). Pollitz et al. (2006) showed that the Burgers 109 

rheology gave better fit to model co- and postseismic crustal deformation of the 110 

2004 Sumatra-Andaman earthquake than the Maxwell model. 111 

 112 

1.2 A Brand-New Process in the Earthquake Cycle 113 

Heki and Mitsui (2013) reported unexpected increase of the landward 114 

movements of forearc GNSS stations in segments adjacent along-strike to the 115 

megathrust rupture after the 2003 Tokachi-oki earthquake (Mw 8.3), and possibly 116 

after the 2011 Tohoku-oki earthquake (Figure 1.5).  117 

 118 

 119 

Figure 1.5. The locations of the earthquakes studied here. Red circles represent 120 
the six earthquakes that showed postseismic increased landward velocity in 121 
segments adjacent to megathrust ruptures. Numbers attached to the earthquakes 122 
correspond to those in Table 1. Gray circles represent megathrust earthquakes 123 
that may have caused such velocity changes, but I failed to find enough GNSS 124 
data from stations in appropriate places with enough time span for pre- and 125 
postseismic periods (Section 5.1). 126 
 127 
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General features of this phenomenon are illustrated in Figure 1.6. After 128 

earthquakes, GNSS stations near the ruptured fault would move trenchward due to 129 

afterslip and viscous relaxation (Figure 1.6b). In addition to it, Heki and Mitsui 130 

(2013) found that stations on segments adjacent to the ruptured fault showed 131 

landward increase of movements as illustrated with green arrows in Figure 1.6b. 132 

This looks as if interplate coupling in the neighboring segments of the rupture has 133 

increased.  134 

 135 

 136 

 137 

Figure 1.6. Schematic illustration of interseismic movements of GNSS stations 138 
(a) and their changes by a large earthquake (b). The trenchward movements in 139 
(b) occur driven by afterslip and postseismic relaxation around the ruptured 140 
fault. In addition to this, interseismic landward velocities often increase in 141 
segments adjacent along-trench to the ruptured segment (station X). 142 
 143 

This phenomenon cannot be explained by classical viscoelastic relaxation. 144 

Figure 1.7 shows coseismic jump and slow movements caused by postseismic 145 

viscous relaxation calculated for a simple thrust earthquake case following 146 

Fukahata and Matsu’ura (2005; 2006). Postseismic deformation continues as the 147 

shear stress within viscous asthenosphere decays and let the deformation pattern 148 

reach the final state realizing the two-dimensional mechanical equilibrium within 149 
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the lithosphere.  150 

Figure 1.7b demonstrates that postseismic viscoelastic relaxation generates 151 

only trenchward movement of forearc GNSS stations. In other words, landward 152 

increase of velocity as seen for station X in Figure 1.6 does not occur in the adjacent 153 

segments. This situation remains similar even with different settings of parameters, 154 

e.g. elastic thickness, viscosity of underlying asthenosphere, geometry of the fault. 155 

So, the postseismic acceleration of landward velocities as shown in Figure 1.6b 156 

would need an explanation with some other mechanisms.  157 
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 158 

  159 

 160 

Figure 1.7. Coseismic (a) and postseismic (b) surface displacement by reverse faulting occurring at a fault (dashed rectangle) dipping 161 
from the trench (solid line) in a tectonic setting shown in (c), calculated using the software package by Fukahata and Matsu’ura (2005; 162 
2006). I assume a fault 100 × 60 km, with the dip angle 30° and the depth range 0-30 km. I assume lower viscoelastic layer (viscosity 163 
1019 Pa∙s) beneath the upper elastic layer (thickness 30 km). A thick black arrow in (a) is the surface projection of the coseismic slip 164 
vector. (b) indicates the postseismic displacement caused by viscous relaxation of the lower layer after a period 10,000 times as long as 165 
the Maxwell time. Here, we can see that the viscoelastic relaxation generates trenchward and landward movements of grid points on land 166 
and sea, respectively, but does not make the pattern like Figure 1.6b. The purpose of this figure is just to show patterns of displacements, 167 
and scales are not given for the arrows. 168 
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 169 

Mavrommatis et al. (2014) suggested that the increased coupling in the 170 

northernmost Honshu after the 2003 Tokachi-oki earthquake (Segment 3 in Figure 171 

1b of Heki and Mitsui, 2013) reflects the termination of the afterslip of the 1994 172 

Mw 7.6 Sanriku-oki earthquake (Heki et al., 1997). This, however, does not explain 173 

the landward velocity increase seen at the neighboring segment on the other side 174 

(Segment 1 in Figure 1b of Heki and Mitsui, 2013) of the 2003 Tokachi-oki rupture. 175 

Small-scale change of interplate coupling can be explained by the pore fluid 176 

pressure changes associated with coseismic fluid migration along the plate interface 177 

(Materna et.al., 2019). However, large-scale enhanced coupling that may occur in 178 

the adjacent segments cannot be explained by that mechanism.  179 

 180 

1.3 Previous works 181 

To explain the postseismic increase of landward velocity in adjacent segments, 182 

Heki and Mitsui (2013) hypothesized that the coseismic stress drop modified the 183 

force balance acting on the subducting slab around the ruptured segment and 184 

induced accelerated subduction of the oceanic plate, a concept similar to the 185 

classical idea of Anderson (1975) (Figure 1.4). Uchida et al. (2016) found 186 

accelerated interplate creep rates from slip accumulation rates of small repeating 187 

earthquakes beneath the Kanto area following the 2011 Tohoku-oki earthquake, 188 

which serves as a seismological evidence of the accelerated subduction. Outside 189 

NE Japan, Melnick et al. (2017) found the increased landward velocity in central 190 

Chile, at GNSS stations located to the north of the 2010 Maule earthquake (Mw 8.8) 191 

rupture. Melnick et al. (2017) called it super-interseismic period that occur at the 192 

early stage of an earthquake cycle, and Loveless (2017) considered it a common 193 
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phenomenon after megathrust earthquakes (Figure 1.9). 194 

 195 

 196 

Figure 1.8. Accelerated subduction and enhanced earthquake activity proposed 197 
by Anderson (1975). When the decoupling earthquake occurs at time t1, the 198 
stresses of the lithosphere in the segment of t1 decrease and accelerated 199 
subduction starts. This causes the stresses at the segments of t2 and t3 of the arc 200 
boundary to increase, leading to subsequent earthquakes at times t2 and t3. 201 
 202 

Melnick et al. (2017) suggested that this enhanced landward velocity might 203 

have triggered the 2015 Illapel earthquake (Mw 8.3) and the 2016 Chiloé earthquake 204 

(Mw 7.6) that occurred to the north and south of the Maule rupture, respectively. 205 

Heki and Mitsui (2013) considered the accelerated slab subduction may explain 206 

temporary increase of regional seismicity such as the sequences of megathrust 207 

earthquakes in 1950s-1960s in Kamchatka-Aleutian subduction zones (Kanamori, 208 

1978). Indeed, in the Kuril-NE Japan subduction zone, the 2003 Tokachi-oki, the 209 

2004 Kushiro-oki (Mw 7.0), the 2006 central Kuril (Mw 8.3), and the 2011 Tohoku-210 

oki earthquakes occurred within 8 years. Considering the large along-trench extent 211 

of these earthquakes, it would be difficult to explain it just by static stress 212 

perturbations (King et al., 1994).  213 

 214 
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 215 
Figure 1.9. Schematic model of postseismic velocity changes according to 216 
Loveless (2017). Rotation of the upper plate increases landward velocity 217 
adjacent to the rupture zone, consistent with enhanced coupling on the interface 218 
beneath these regions. The enhanced coupling may be the site of subsequent 219 
earthquakes encouraged by the “super-interseismic” coupling. 220 

 221 

The scope of the present study is to explore similar examples worldwide, taking 222 

advantage of the rapid expansion of GNSS networks in various subduction zones, 223 

using station coordinate data covering periods before and after megathrust 224 

earthquakes. I then try to find common features and discuss if the compiled data 225 

support a certain model, e.g. the slab acceleration model by Heki and Mitsui (2013).  226 

 227 

1.4 Objectives 228 

The purpose of this study is to use the GNSS (Global Navigation Satellite 229 

System) measurements to investigate crustal deformation, particularly related to 230 

landward increase of surface velocity following six megathrust earthquakes in four 231 

subduction zones, including NE Japan, central and northern Chile, Sumatra, and 232 

Mexico. I collect as much geodetic information as possible to facilitate the 233 

discussion on the model responsible for the postseismic landward change in 234 

velocities. I also try to detect increases in seismicity in the segment showing 235 

enhanced coupling after the 2011 Tohoku-oki and the 2010 Maule earthquakes. 236 
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However, I do not aim at proving particular models including the slab acceleration 237 

model by Heki and Mitsui (2013). 238 

 239 

 240 

1.5 Dissertation outline 241 

This dissertation consists of several Chapters. The brief explanations of the chapters 242 

are given below: 243 

 244 

Chapter 1 explains the background of this research and the objectives of the 245 

research. The last sub-chapter gives the explanation of the outline of this 246 

dissertation.  247 

 248 

 249 

Chapter 2 describes GNSS data in general, those used in individual cases, and time 250 

series analysis strategies. Time series analyses are important because the studied 251 

cases have different quality and quantity of GNSS data sets. This chapter also 252 

describes the method I employed. The first step of the method is to rotate the two 253 

horizontal axes (north and east) so that the two components coincide with the 254 

direction parallel with or perpendicular to the station's interseismic movement 255 

before the earthquakes. Then, trench-normal landward velocity changes are 256 

discussed. In this chapter, I also review the slab acceleration model by Heki and 257 

Mitsui (2013). Even though the purpose of this study is not to prove the model, their 258 

model is important for the exploration of physical mechanisms responsible for the 259 

postseismic landward change in velocities.  260 

 261 
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 262 

Chapter 3 describes the landward velocity change that occurred in Japan, Chile, 263 

Sumatra-Indonesia, and Mexico. I use the method shown in chapter 4 and give brief 264 

description of the tectonic setting of the studied subduction zones. A typical analysis 265 

starts with mapping the postseismic crustal movements of the studied earthquake, 266 

where one can see distributions of landward and trenchward velocity changes 267 

following the earthquake. The stations showing landward velocity changes are 268 

selected for further analysis. There, the distances of stations from the fault are 269 

considered as an important factor. To present the analysis results, I show the maps 270 

and diagrams that show the differences in the velocities following the earthquake 271 

relative to the reference velocities before the earthquake. 272 

 273 

 274 

Chapter 4 contains the overview of the six earthquake cases discussed in the 275 

previous chapter. Furthermore, I also discuss the spatial extent of the enhanced 276 

coupling, which is closely related to the hypothesis that the enhanced coupling may 277 

encourage future failures in the neighboring segments. The next sub-chapter 278 

describes the relationship between forearc station velocities and slab velocities. I 279 

convert the landward velocity change observed at each station (v'-v) to hypothetical 280 

slab acceleration (u'-u). At the end of this chapter, I compare the properties of data 281 

with those predicted by the slab acceleration model (Heki and Mitsui, 2013). 282 

 283 

 284 

In Chapter 5, I discuss the change in seismicity following the earthquakes. I expect 285 

that the increase of landward velocity is correlated positively with the background 286 
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seismicity. To make the analysis more robust, I removed clustered earthquakes such 287 

as swarms and aftershocks from the earthquake catalog using a stochastic de-288 

clustering method developed by Ogata (1988).  289 

 290 

 291 

In Chapter 6, I summarize the findings related to the interplate coupling 292 

enhancement in adjacent segments following megathrust ruptures. 293 

 294 

  295 



16 
 

Chapter 2: Data and Method 296 

 297 

 298 

 299 

2.1 GNSS Data 300 

I analyzed Global Navigation Satellite System (GNSS) data in forearc regions 301 

of subduction zones such as the western Sumatra, Northeast Japan, central and 302 

northern Chile, and in the Oaxaca region, Mexico.  303 

GNSS is the system that covers the whole earth. The first GNSS is the American 304 

system called Global Positioning System (GPS) started full operation in 1990s. 305 

Later, three new GNSS have been added, e.g. Russian GNSS called Global 306 

Navigation Satellite System (GLONASS), European GNSS called Galileo, Chinese 307 

system called Compass/Beidou. There are smaller systems designed as regional 308 

satellite positioning systems. They include the Indian Regional Navigation Satellite 309 

System (IRNSS), and the Japanese Quasi-Zenith Satellite System (QZSS).  310 

GPS, formally called NAVSTAR GPS (Navigation Satellite Timing and Ranging 311 

Global Positioning System), was developed by the Department of Defense of USA 312 

in late 1970s and 1980s initially for military purposes. However, it has become a 313 

indispensable tool as a versatile geodetic tool for studying various geophysical 314 

phenomenon. Over the last three decades, GPS has made a significant impact on a 315 

wide range of geophysical disciplines. 316 

By using GPS, Larsen et al. (1992) detected coseismic crustal deformation of the 317 

1987 Superstition Hills earthquake (Mw 6.2), and Lisowski et al. (1990) studied the 318 

coseismic deformation of the 1989 Loma Prieta, California, earthquake (Mw 7.1). 319 
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These two investigations were among the early utilization of GNSS to understand 320 

crustal deformation associated with earthquakes. Then, GNSS can be utilized to 321 

understand postseismic deformation behavior as more data recorded year by year. 322 

The 1989 Loma Prieta earthquake (Mw 7.1) and the 1992 Landers earthquake (Mw 323 

7.3) were the examples of the first earthquake events whose postseismic signal was 324 

well recorded (Savage et al., 1994; Bürgmann et al., 1997; Shen et al., 1994; Savage 325 

and Svarc, 1997). The first dense array of GNSS was established in Japan during 326 

1990s. This array first detected coseismic deformation of the 1994 Hokkaido-Toho-327 

Oki earthquake (Tsuji et al., 1995) and postseismic deformation of the 1994 328 

Sanriku-Haruka-Oki earthquake (Mw 7.5) (Heki et al., 1997). After that, they 329 

studied crustal deformation related to many earthquakes with magnitudes exceeding 330 

6 in and around Japan (Sagiya, 2004). 331 

The recent advance of space geodetic technology revealed new kinds of crustal 332 

deformation related to earthquakes. Sato et al. (2011) detected coseismic sea floor 333 

movement associated with the 2011 Tohoku-oki earthquake (Mw 9.0). This was 334 

followed by Sun et al. (2014), which revealed the postseismic landward motion of 335 

the oceanic lithosphere near the Japan Trench. Heki and Mitsui (2013) found a 336 

increase of the landward movements of GNSS stations in segments adjacent along-337 

strike to the megathrust rupture, the 2003 Tokachi-oki earthquake (Mw 8.3) and the 338 

2011 Tohoku-oki earthquake. 339 

Below I give brief descriptions of the GNSS data used in this study. Nowadays, 340 

the movements of GNSS stations are described within the International Terrestrial 341 

Reference Frame (ITRF). These velocities align with the no-net-rotation plate 342 

motion models and were converted to those relative to the landward plate by 343 

subtracting velocities calculated using the nnr-MORVEL56 model (Argus et al., 344 
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2011). Because I discuss changes in velocity before and after large earthquakes, 345 

common bias to these velocities is canceled. This means that results in the present 346 

study are not so sensitive to the selection of the plate motion model. 347 

 348 

2.1.1 GNSS Data in Japan 349 

In Japan, we used the F3 solution of the dense continuous GNSS array called 350 

GNSS Earth Observation Network System (GEONET). This network is composed 351 

of more than 1,300 stations with an average separation of ~20 km and covers the 352 

whole Japanese archipelago (Figure 2.1). It is operated by the Geospatial 353 

Information Authority (formerly Geographical Survey Institute) (GSI), Japan, and 354 

the data are made open to worldwide geodetic communities. The F3 solution is 355 

obtained by using the Bernese software fixing a certain station in Tsukuba, near the 356 

GSI headquarter, to the coordinates determined daily using stations in the Asia 357 

Pacific region (Nakagawa et al., 2009). 358 

For the 2003 earthquake, I followed the procedure by Heki and Mitsui (2013) 359 

and fixed the Kamitsushima station, north of Kyushu, and compared the velocity 360 

difference before and after the earthquake. For the 2011 earthquake, the 361 

Kamitsushima station, ~1,000 km away from the epicenter, exhibited a few mm/yr 362 

postseismic movements. Hence, I did not fix any stations and subtracted the 363 

movement of the landward plate calculated with the nnr-MORVEL56 plate motion 364 

model (Argus et al., 2011) from the coordinate changes in the F3 solution expressed 365 

in ITRF.  366 

 367 

 368 
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 369 

Figure 2.1. Distribution of GEONET stations (https://www.un-ggim-ap.org/ 370 
meetings/ pm/5th/201607/W020161027635538377589.pdf) 371 
 372 

2.1.2 GNSS Data in Sumatra 373 

In Sumatra, there are several GNSS network systems operated by different 374 

institutions. The Geospatial Agency of Indonesia (BIG) initiated geodetic networks 375 

for geodynamics studies in Sumatra in 1989 (Abidin et al., 2016). A total of 60 376 

GNSS stations on Sumatra and surrounding islands, installed in 1989, 1991, and 377 

1993, were used to detect crustal movements in the Sumatran subduction zone 378 

(Prawirodirjo et al., 1997). In 2002, Caltech (California Institute of Technology) 379 
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initiated the Sumatran GPS Array (SuGAr), a continuous GNSS network composed 380 

of 60 stations designed to monitor tectonic processes along the Sumatra subduction 381 

zone. SuGAr stations are mostly installed on the Sumatran forearc islands and west 382 

coast of Sumatra. After over a decade of collecting data, SuGAr has detected 383 

coseismic jumps and slow postseismic deformation for several large earthquakes 384 

(Feng et al., 2015). Figure 2.2 shows the distribution of GNSS stations in Sumatra, 385 

Indonesia. 386 

  387 

 388 

Figure 2.2. GNSS stations that are available in Sumatra and surrounding 389 
regions. Colors indicate observation start years. 390 

 391 

For the 2007 Bengkulu earthquake (Mw 8.4) case, I analyzed the solutions from 392 

SuGAr network provided by Bandung Institute of Technology (Ardika et al., 2015). 393 

The data had been processed using the GAMIT 10.5 software package to obtain 394 
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daily solutions (Herring et al., 2018). Figure 2.3 shows GNSS data availability near 395 

the 2007 Bengkulu earthquake, whose locations are shown in Figure 2.4. For the 396 

purpose of the current study, we need stations with long time spans before and after 397 

the earthquake. At the same time, the stations should not be too close to the 398 

epicenter to avoid the influence of afterslip and viscoelastic relaxation. For the 2007 399 

Bengkulu earthquake, only MLKN satisfies the conditions (shown in green bars in 400 

Figure 2.4). 401 

 402 

Figure 2.3. Data availability at GNSS station near the 2007 Bengkulu 403 

earthquake (Mw 8.4) epicenter. The vertical line denotes the 2007 earthquake. 404 

Source: Ardika, et al. (2015). The data from MLKN (shown in green) are 405 

used in this study to study postseismic enhanced landward velocity. 406 

 407 

 408 
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Figure 2.4. Location of GNSS stations near the 2007 Bengkulu earthquake 409 

(Mw 8.4) epicenter. Star indicates the location of largest coseismic slip of the 410 

earthquake. 411 

 412 

2.1.3 GNSS Data in South and Middle America 413 

For the South and Middle American GNSS data, I analyzed the Precise Point 414 

Positioning (PPP) solutions available from the Nevada Geodetic Laboratory, 415 

University of Nevada, Reno (Blewitt et al., 2018; Figure 2.5) and partly from Jet 416 

Propulsion Laboratory at sideshow.jpl.nasa.gov/post/series.html. Data availability 417 

at every GNSS station near the earthquake’s location can be seen in Figure 2.6, 2.7, 418 

2.8, 2.9, 2.10, and 2.11.  419 

 420 

Figure 2.5. Processed data from 17,000 GNSS stations available in the Nevada 421 
Geodetic Laboratory website (source: https://eos.org/science-422 
updates/harnessing-the-gps-data-explosion-for-interdisciplinary-science). 423 
Colors indicate the time-series lengths. 424 

 425 

https://eos.org/science-updates/harnessing-the-gps-data-explosion-for-interdisciplinary-science
https://eos.org/science-updates/harnessing-the-gps-data-explosion-for-interdisciplinary-science
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 426 

Figure 2.6. Data availability of GNSS stations near the 2010 Maule 427 

earthquake (Mw 8.8) epicenter. The vertical line denotes the 2010 earthquake. 428 

Source: geodesy.unr.edu, accessed on 2020/04/10. Stations with long time 429 

series before the earthquake (shown in green), suitable for this study, are 430 

limited to the north of the epicenter. 431 

 432 
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 433 

Figure 2.7. Location of GNSS stations near the 2010 Maule earthquake (Mw 434 

8.8) epicenter shown in Figure 2.6. Star indicates the location of largest 435 

coseismic slip of this earthquake. 436 
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 437 
Figure 2.8. Data availability of GNSS stations in northern Chile and Peru for 438 

the study of the 2014 Iquique earthquake. The vertical line denotes the 2014 439 

earthquake. Source: geodesy.unr.edu and sideshow.jpl.nasa.gov/post/series 440 

(for AREQ station). Accessed on 2020/04/10. 441 

 442 

 443 

Figure 2.9. Location of GNSS stations near the 2014 Iquique earthquake (Mw 444 

8.2) epicenter shown in Figure 2.8. Star indicates the location of largest 445 

coseismic slip of the earthquake. 446 

 447 
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 448 

Figure 2.10. Data availability at GNSS station near the 2012 Oaxaca 449 

earthquake (Mw 7.4) epicenter. The vertical line denotes the 2012 earthquake. 450 

Only one station (OXPE, shown in green) was suitable for the purpose of this 451 

study. Source: geodesy.unr.edu. Accessed on 2020/04/10. 452 

 453 

 454 

Figure 2.11. Location of GNSS stations near the 2012 Oaxaca earthquake 455 

(Mw 7.4) epicenter. Star indicates the location of largest coseismic slip of the 456 

earthquake. 457 

 458 

2.1.4 Time series analysis strategy 459 

The target of this study is the “landward” velocity changes in the forearc region 460 
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of the segment adjacent along-trench to the megathrust ruptures. Therefore, I have 461 

to avoid GNSS stations suffering from postseismic “trenchward” movements. They 462 

are caused by well-known mechanisms such as afterslip and viscous relaxation of 463 

asthenosphere. Such movements have already been well documented in literatures 464 

for individual earthquakes, such as Yamagiwa et al. (2015) for the 2011 Tohoku-oki 465 

earthquake, Miyazaki et al. (2004) for the 2003 Tokachi-oki earthquake, Klein et al. 466 

(2016) for the 2010 Maule earthquake, Hoffmann et al. (2018) for the 2014 Iquique 467 

earthquake, and Lubis et al. (2012) for the 2007 Bengkulu earthquake.  468 

To select stations showing landward velocity changes, I checked not only the 469 

polarities of trench-normal velocities but also the distance of stations from the fault 470 

edge. This is because the enhanced inter-plate coupling studied here tend to occur 471 

in a certain range of distance, i.e. they occur in forearc from the fault edge over a 472 

distance comparable to a half of the fault length. This will be discussed later in 473 

Chapter 4.2. 474 

In calculating the velocity changes of the selected GNSS stations, I compare 475 

velocities during the two periods before and after the earthquakes (Table 1). These 476 

periods should be long enough to enable estimation of accurate velocities (longer 477 

than two years to robustly remove seasonal changes) and hopefully be immediately 478 

before and after earthquakes. Actually, I often have to shift or shorten these periods 479 

to avoid unwanted transient movements caused by other smaller earthquakes during 480 

the studied periods.  481 

It should be noted that landward velocity changes depend on the selection of 482 

time windows. For example, such velocity changes are often unstable during the 483 

first few years while postseismic transient movements continue. I will discuss this 484 

problem comparing velocities in different time windows in Chapter 4.3. 485 
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I also need to pay attention to past earthquakes in nearby segments. Large 486 

interplate earthquakes are followed by trenchward postseismic movements of 487 

GNSS stations lasting for years. Their temporal decay might leak into the 488 

postseismic landward velocity increases, the target of the present study. For the six 489 

earthquakes studied here, I discuss potential influences from such past earthquakes 490 

in Chapter 3.  491 

 492 
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Table 1. Two periods used to estimate velocity changes before and after the earthquakes (Figure 1).  493 

No. Earthquake (Mw) Before earthquake After earthquake3 

1 2011/3/11 Tohoku-oki (9.0) 2008.00-2011.19 2011.19-2015.00 

2 2003/9/25 Tokachi-oki (8.3) 1996.00-2003.741 2003.74-2010.10 

3 2010/2/28 Maule (8.8) ~2008.002-2010.16 2010.16-2014.70 

4 2014/4/1 Iquique (8.2) ~2010.002-2014.25 2014.25-2019.25 

5 2007/9/12 Bengkulu (8.4) 2005.50-2007.70 2007.70-2010.814 

6 2012/3/20 Oaxaca (7.4) 2010.38-2012.22 2012.22-2017.22 

1Shifted to 1996.0-2003.0 to avoid influence of the Miyagi-oki earthquake (Mw 7.0) on 
2003 May 26 for stations close to its epicenter 

2Earliest possible starting times are used depending on the availability of the stations 
3The early non-linear postseismic periods avoided to draw Figures 6a, 7a, and 8a.  
4Only data until the occurrence of the 2010 Mentawai earthquake are used. 

494 
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2.2 Method for acceleration analysis  495 

I model the time series of the two horizontal components of a GNSS station 496 

coordinate considering linear trends, average seasonal (annual and semiannual) 497 

changes, jumps associated with antenna replacements (for GEONET stations), and 498 

coseismic jumps. In addition to these standard parameters, I estimate the coseismic 499 

changes in velocity (v’-v). The velocities are expressed relative to the stable part of 500 

the landward plates of the subduction zones (Figure 2.12). I also discuss possible 501 

existence of non-linear movements shortly after earthquakes and their influences 502 

later in Chapter 4.3. 503 

 504 

Figure 2.12. Landward movement time series of the stations MLKN (Bengkulu, 505 
Indonesia) and 0531 (Hokkaido, Japan). Both two time series are modeled 506 
considering linear trends (including changes in trends associated with 507 
earthquakes), jumps caused by antenna replacements (for GEONET stations), 508 
and average seasonal changes. The average seasonal components are removed 509 
in the upper time series.  510 
 511 

In Chapter 3, I show a set of figures as shown in Figure 2.13, for each megathrust 512 

earthquake. I first rotate the two horizontal axes (north and east) so that the two 513 

components coincide with the direction parallel with (red in Figure 2.13a) or 514 

perpendicular to (blue in Figure 2.13a) the interseismic movement of the station 515 

before the earthquakes (normally in the direction of the subducting oceanic plate). 516 

In the plot, I subtract the estimated average seasonal components.  517 
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In the diagram, the coseismic increase of the landward velocity of a GNSS station 518 

appears as the positive change in the slope of the red time series (Figure 2.13a). The 519 

blue (trench-parallel) component represents the change in the direction of the 520 

movement by the earthquakes. This is expected to be small. Both components often 521 

show coseismic jumps, but they are not the target of the present study.  522 

 523 

 524 
Figure 2.13. An example of the analysis of the velocity change after a large 525 
earthquake for the station X shown in Figure 1.6. (a) I rotate the horizontal axes 526 
so that one axis coincides with the interseismic movement direction (red) and 527 
the other axis is perpendicular to it (blue). Thus, the increase of the landward 528 
velocity of a GNSS station can be seen as the increased slope of the red 529 
component. In the small panel atop, I remove the pre-earthquake linear trend 530 
(dotted line) to isolate postseismic changes in trend. Y-axis represents the 531 
movement in the trench-normal (landward) and trench-parallel azimuths. (b) 532 
Concept of the increased interseismic velocity which is the sum of the 533 
interseismic velocity before the earthquake and the coseismic velocity change.  534 
 535 

Here, I do not discuss vertical components. In fact, changes in vertical velocities 536 

were not significant for the 2003 case as reported in Heki and Mitsui (2013). This 537 

partly comes from intrinsic large uncertainty in determining the vertical positions. 538 

Figure 2.14 shows that vertical velocities changes following the 2011 Tohoku-oki 539 
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earthquake are insignificant and non-systematic in direction. The figure also shows 540 

the vertical coordinate time series of two Chilean stations before and after the 2010 541 

Maule earthquake. These figures suggest it difficult to extract meaningful changes 542 

in vertical velocities by this earthquake. 543 

 544 

Figure 2.14. (a) Vertical velocity changes of GNSS stations in Hokkaido 545 
associated with the 2011 Tohoku-oki earthquake. I selected the same periods 546 
as in Figure 3.3. (b) Time series of the vertical position of the stations 0519 and 547 
0532, shown in (a). (c) I selected two Chilean stations, and (d) plot their vertical 548 
position time series before and after the 2010 Maule earthquake. 549 

 550 

To see the whole picture of the postseismic increase of interplate coupling, we 551 

need multiple stations deployed at various distances from the megathrust fault. 552 

Typically, postseismic trenchward velocities dominate near the fault. Then, 553 
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landward increased velocities (enhanced coupling signature) emerge as we go away 554 

along trench from the fault (Figure 1.6b). This enhanced coupling would then decay 555 

as we go farther away from the fault.  556 

It is usually difficult to see them all due to the insufficient availability of GNSS 557 

stations along the forearc. In this study, I use multiple stations to represent the 558 

landward velocity change whenever possible. Nevertheless, I sometimes have to let 559 

just one station represent the increase of the landward velocity for certain 560 

earthquakes. In the discussion, I compile all the cases to extract common features 561 

so that I can discuss the physical model behind the phenomenon.  562 

For very large earthquakes, postseismic velocity changes can occur in a 563 

continental scale as shown in Melnick et al. (2017) in South America following the 564 

2010 Maule earthquake. It is also likely that a similar situation occurred following 565 

the 2011 Tohoku-oki earthquake as seen in GNSS point velocities in China (Shao 566 

et al., 2015). In this study, I focus on the velocity changes occurring near the 567 

ruptured faults. 568 

 569 

2.3 Slab acceleration model by Heki and Mitsui (2013) 570 

The purpose of this study is to collect as much geodetic information as possible 571 

to facilitate the discussion on the model responsible for the postseismic landward 572 

change in velocities. I do not aim at proving a particular model, including the model 573 

by Heki and Mitsui (2013). In fact, there are attempts to explain postseismic 574 

landward velocity changes within the framework of viscous relaxation. For example, 575 

Melnick et al. (2017) reports results by a three-dimensional thermomechanical 576 

model to reproduce continental scale postseismic velocity changes. D’Acquisto et 577 

al. (2020) try to explain the observed changes as the elastic bending in a horizontal 578 
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plane in response to the postseismic trenchward movement near the rupture area. 579 

Other models capable of explaining the observations may also emerge in future. 580 

Here, as one of the possibilities, I review the simple slab acceleration model Heki 581 

and Mitsui (2013) proposed to explain the landward increased movements in 582 

segments adjacent along-strike to a megathrust rupture.  583 

Figure 2.15a indicates the balance of forces acting on a subducting slab during 584 

an interseismic period. There, two down-dip forces, slab pull Fsp and ridge push 585 

Frp, are balanced with the two up-dip forces, side (partially bottom) resistance Fsr 586 

exerted by the surrounding asthenosphere and interplate coupling Fc at the plate 587 

interface. Fsr is proportional to the subduction speed u and I assume the resistance 588 

occurs in a thin low-viscosity layer at the slab surface. This is a two-dimensional 589 

model and the forces represent those working on a thin slice with a unit thickness. 590 

 591 

 592 

 593 

Figure 2.15. Schematic view of the slab acceleration model, redrawn after Heki 594 
and Mitsui (2013). (a) and (b) show forces acting on a subducting slab before 595 
and after a megathrust earthquake, respectively, with a large stress drop. In (a), 596 
downward forces (Fsp: slab pull, Frp: ridge push) are balanced by upward 597 
forces (Fc: interplate coupling, Fsr: side resistance). In (b), sudden decrease of 598 
the coupling Fc to Fc’ is compensated by the increase of Fsr to Fsr’ realized 599 
by the slab acceleration from u to u’. The velocity of GNSS station before and 600 
after the earthquake is indicated by v and v’. W is the total trench-normal length 601 
of slab surface (both upper and lower surfaces) where viscous braking works, 602 
and d is the thickness of the thin low viscosity layer at the lithosphere-603 
asthenosphere boundary. 604 
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 605 

Occurrence of a megathrust would reduce the coupling from Fc to Fc’, which 606 

would be compensated by the increase of the side resistance caused by the 607 

acceleration of the subduction speed from u to u’. Let Fc-Fc’ be the lost coupling 608 

(stress drop integrated along-dip), and it can be related to the slab acceleration u’-u 609 

as follows. 610 

 611 

Fc-Fc’=Fsr’-Fsr = (u’-u) μW/d                        (1) 612 

 613 

where μ is the viscosity of the low-viscosity layer with the thickness of d, and W is 614 

the along-dip slab length (both upper and lower surface) where viscous braking 615 

works. Then, the acceleration u’-u is expressed as 616 

 617 

u’-u = (Fc-Fc’) d/μW                             (2) 618 

 619 

For the same subduction zone with uniform μ, W and d, the acceleration u’-u would 620 

be proportional to Fc-Fc’. Larger earthquakes would accelerate the slab more 621 

strongly with a larger Fc-Fc’. It is actually the product of the fault width (along-dip 622 

length) D and the stress drop ∆σ.  623 

 624 

Fc – Fc’ = ∆σ D                                 (3) 625 

 626 

Using the average slip sav, ∆σ can be expressed using the rigidity ν as 627 

 628 

∆σ = ν sav/D.                                   (4) 629 
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 630 

For the same subduction zone, I assume ν is the same. Then equations (3) and (4) 631 

suggest that Fc-Fc’, and hence u’ – u, scales with the average slip sav, i.e., 632 

 633 

 u’ – u = (dν /μW) sav.         (5a) 634 

 635 

In the present study, I compare cases in different subduction zones. It is generally 636 

difficult to infer diversity of parameters ν, d, and µ for different subduction zones. 637 

However, we can know W from seismological studies. In other words, by assuming 638 

that ν d/µ is the same, it may become possible to examine if the observed slab 639 

acceleration u’-u is proportional to sav/W,  640 

 641 

 u’ – u = (ν d/µ) sav /W.                            (5b) 642 

    643 

In Chapter 4.5, I examine if the observed velocity changes for different megathrust 644 

earthquakes in various subduction zones obey equations (5a) and (5b). 645 

 646 

2.4 Subduction zones and slab data interpretation 647 

According to the classical continental drift concept, the earth's surface consists 648 

of several fragments of the continent that move relatively to each other over a 649 

geologic timescale. The establishment of plate tectonic theory evolved from this 650 

fundamental concept. Then, we came to recognize the mantle convection and the 651 

formation of oceanic lithosphere along mid-oceanic ridges due to seafloor 652 

spreading. According to the plate tectonic theory, oceanic lithosphere continuously 653 
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subducts into depth along convergent plate boundaries.  654 

Subduction is the descend of a cold oceanic plate beneath a continental plate. 655 

The slab of the oceanic lithosphere sinking into the asthenosphere provides most of 656 

the force required to move the plates and cause the ocean floor spreading along 657 

mid-oceanic ridges. Subduction is also responsible for bringing the surface material 658 

such as oceanic crust, deep-sea sediments, and seawater into the depth, and their 659 

interaction with surrounding mantle causes magma generation, arc volcanism, and 660 

formation of continental crust.  661 

The lengths of the subducting slabs beneath continental plates often reach 662 

several hundreds of kilometers from the trench. Subduction zones are composed of 663 

island arcs and deep-sea trenches and act as convergent plate boundaries. There are 664 

two distinct subduction behaviors based on the age and type of subducting 665 

lithosphere (Uyeda, 1982). Subduction zones with relatively steep dip angles of the 666 

subduction are usually associated with the subduction of older oceanic lithosphere 667 

(the Mariana type). Conversely, relatively shallow angles tend to occur where 668 

younger oceanic plates subduct (the Chilean type). This difference controls the 669 

seismic coupling in subduction zones. The subduction zones with denser and older 670 

lithosphere tend to show weaker seismic coupling. On the other side, stronger 671 

seismic coupling often occurs where young oceanic lithosphere subducts. Very 672 

large interplate earthquakes are more common in the second type of subduction 673 

zones. 674 

The difference of strain regime in the magmatic arc also reflects the type of 675 

subduction zones. The steeper dip of the older lithosphere slab allows the flow of 676 

the asthenosphere in the mantle wedge. Consequently, back-arc extensions with 677 
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rifting or even seafloor spreading are often found in the Mariana type subduction 678 

zones. In contrast, compression with folding and thrusting behind the arc is 679 

common in the Chilean type subduction zones. Such compression stems from the 680 

frictional resistance by the subduction of young buoyant lithosphere. The difference 681 

of the age is largely responsible for the classification into the Mariana type (>100 682 

million-year-old) and the Chilean type (<50 million-year-old) subduction zones 683 

(Figure 2.17).  684 

 685 

Figure 2.17. Two different types of subduction zones (Uyeda and Kanamori 686 

1979). 687 

 688 

Large shallow thrust earthquakes are generated along subduction zones with 689 

strong inter-plate locking at the plate interface. The faulting of these earthquakes 690 
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occur in a certain depth range called the seismogenic zone. The area of this zone 691 

covers 2-5% of the total down-dip length of the Wadati-Benioff Zone. Actual depths 692 

of such seismogenic zones are inferred from the rupture areas of interplate 693 

earthquakes. In some cases, adjacent segments rupture shortly after a large 694 

interplate earthquake. However, mechanisms governing such induced ruptures are 695 

not fully understood. The acceleration of the slab subduction, explained in the 696 

previous section, would be a candidate mechanism for this phenomenon. 697 

In the slab acceleration model by Heki and Mitsui (2013), the slab length in the 698 

subduction zone is one of the factors controlling the amount of the slab acceleration 699 

after major earthquakes. Many past studies have revealed the dimension of the slab 700 

by seismic tomography, a method that utilizes a lot of ray paths to gain information 701 

about seismic velocity structure. The seismic velocity from various points near earth 702 

surface propagate into earth interior and reach different depth. Then, by using 703 

tomography technique, three-dimensional (3-D) model of velocity anomalies can 704 

be obtained (Figure 2.18). I obtained the information on the lengths of worldwide 705 

slabs by tomographic studies such as Deal and Nolet (1999), Scire et al. (2017), 706 

Hafkenscheid et al. (2001), Husker and Davis (2009). 707 
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 708 

Figure 2.18. Cross section of seismic wave velocity anomalies in various 709 
subduction zone inferred from seismic tomography (Stern, 2002). 710 

  711 
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 712 

   Chapter 3: Enhanced interplate coupling after various 713 
megathrust earthquakes 714 
 715 

 716 

 717 

3.1 The cases in Japan 718 

3.1.1 Tectonic setting in Northeast Japan 719 

The Pacific Plate is a major oceanic plate, covering some of the oldest sections 720 

of the oceanic lithosphere. It is also one of the plates that meet, in the Japanese 721 

Islands, with other plates such as North American (or Okhotsk), Philippine Sea, and 722 

the Eurasian (or Amurian) Plate. The interactions among these tectonic plates cause 723 

complicated tectonic evolution, seismicity, volcanism, and crustal deformation in 724 

the Japanese Islands, composed of multiple island arcs such as NE Japan Arc SW 725 

Japan Arc in the center, Ryukyu Arc to the southwest, Izu-Ogasawara Arc to the 726 

south, and the Kuril Arc to the northeast. 727 

The Pacific Plate subducts along the Kuril and Japan Trenches beneath the 728 

Okhotsk Plate at a velocity of ~90 mm/yr. The definition of the Okhotsk Plate 729 

depends of researchers. Some authors claim existences of microplates along the 730 

boundary between the two major plates, the Eurasian and the North American Plates, 731 

and these include the Amur and Okhotsk microplates in regions originally 732 

considered as parts of the Eurasian and North American Plates, respectively. The 733 

Japan Trench has a radius of about 400 km with concave-shaped westward in the 734 

southern part, whereas, in the northern part, it is convex-shaped eastward (Niitsuma, 735 
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2004). The coast, backbone ranges, intermountain basins, volcanoes, and seismicity 736 

run in parallel with the trench axes. The oceanic crust in this region was formed at 737 

ca. 125-140 Ma and covered by pelagic sediments 1.6 km thick with a thick and 738 

accretionary prism along the Japan trench (Kodaira et al., 2017). Several seamounts 739 

and fracture zone were found in the oceanic crust in the northwestern Pacific Plate 740 

(Choe and Dyment, 2020). A tomography study by Deal and Nolet (1999) suggests 741 

that the length of the subducting slab of the Pacific Plate beneath the Okhotsk Plate 742 

is ~1075 km. In the slab length interpretation above, I exclude the stagnant slab of 743 

the Pacific Plate, which is deflected and flattened underneath the eastern China 744 

(Fukao et al., 2009). 745 

 746 

3.1.2 The 2011 Tohoku-oki earthquake (Mw 9.0) 747 

The 2011 Tohoku-oki earthquake occurred off the Pacific coast of the Northeast 748 

Honshu (Tohoku District), Japan. It was caused by shallow thrust faulting at the 749 

plate boundary between the Pacific Plate and the Okhotsk (North American) Plate. 750 

The Pacific Plate moves west-northwestward relative to the Okhotsk Plate with a 751 

velocity of ~91 mm/year (Argus et al., 2011) and subducts underneath the NE Japan 752 

arc at the Japan Trench. During the one hundred years period prior to the 2011 753 

Tohoku-oki earthquake, fourteen Mw7 class earthquakes and two Mw8 class 754 

interplate earthquakes occurred along this plate boundary (Tajima et al., 2013). 755 

Shortly after the 2011 earthquake, the tsunami alert was issued by the Japan 756 

Meteorological Agency (JMA) along the Pacific coast of Honshu and Hokkaido 757 

with the prediction of maximum potential tsunami run-up height was 6 m. However, 758 

the actual tsunami run-up height was up to 40 m, wiped out the coastal towns, and 759 
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inundated deeper to the inland area (Ritsema et al., 2012; Takano, 2011).  760 

The epicentral depth of this earthquake was about 20 km, 19.7 km, and 25 km 761 

according to the Harvard Centroid Moment Tensor (CMT) solution, International 762 

Seismological Centre (ISC), and United States Geological Survey (USGS), 763 

respectively. Focal mechanism of this earthquake is consistent with slip on the 764 

surface of the subducting Pacific Plate slab. USGS Finite fault modelling (Figure 765 

3.1) indicates that the fault slipped over an area approximately 400 km long (along 766 

strike) by 150 km wide (in the down-dip direction). The average slip is estimated 767 

to be 50-60 m. 768 

 769 

Figure 3.1. Surface projection of the slip distribution of the 2011 Tohoku-oki 770 
earthquake (Mw 9.0). Thick white lines indicate major plate boundaries. Dark 771 
gray circles are aftershock locations, sized by magnitude (Source: USGS 772 
https://earthquake.usgs.gov/earthquakes/eventpage/official201103110546241773 
20_30/finite-fault). 774 
 775 
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This earthquake was accompanied by a foreshock sequence lasting for ~2 days, 776 

beginning with a Mw 7.3 event on March 9, at a point ~40 km to the north of the 777 

mainshock epicenter. On the following day, additional six earthquakes greater than 778 

Mw 6.0 occurred within 24 hours (Kiser and Ishii, 2012; Marsan and Enescu, 2012). 779 

Within three months following the mainshock, more than one thousand aftershocks 780 

were detected by >100 ocean-bottom seismometers (OBS) deployed off the Pacific 781 

coast of the Tohoku District (Shinohara et al., 2012). 782 

This earthquake generated large-scale postseismic deformation (e.g. Yamagiwa 783 

et al., 2015). Such postseismic deformation, characterized by southeastward 784 

velocity, seems to reach the southeastern half of Hokkaido. Beyond these regions 785 

with trenchward postseismic movements, Heki and Mitsui (2013) showed that the 786 

enhanced interplate coupling signatures are seen in eastern Hokkaido, the segment 787 

to the northeast of the Tohoku-oki rupture.  788 

 789 
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 790 
Figure 3.2. (a) Differences of the velocities following the 2011 Tohoku-oki 791 
earthquake (during 2012.00-2015.00) relative to the reference velocities before 792 
the earthquake. GNSS stations with green arrows in (a) are free from the 793 
trenchward postseismic crustal movement, caused by afterslip and viscoelastic 794 
relaxation, and are used for further analyses. In (b) and (c), the green arrows 795 
show interseismic landward movements of GNSS stations before and after the 796 
2011 Tohoku-oki earthquake relative to the Okhotsk Plate (Table 1 summarizes 797 
the periods used to estimate these velocities). The red arrow represents the 798 
Pacific Plate movement relative to the Okhotsk Plate (Argus et al., 2011). Error 799 
ellipses show 2σ errors. (d) shows the time series of the 0112 station, the dark 800 
green arrow in (b), (c). See Figure 2.13 for the meaning of red (trench-normal, 801 
N30.1W here) and blue (trench-parallel, N59.9E here) components. The top 802 
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panel of (d) shows the de-trended time series.  803 
 804 

Figure 3.2a shows the difference of the velocities before and after the 2011 805 

Tohoku-oki earthquake. There, the start time of the period to estimate postseismic 806 

velocity is shifted to 2012.0 to avoid the strong non-linear behavior of the early part 807 

of the postseismic time series. The movements of the stations are reasonably linear 808 

in this period, but possible influences of non-linear movements are discussed later 809 

in Chapter 4.3. We can see that trenchward postseismic movements prevail in the 810 

Tohoku District and the western half of Hokkaido. The eastern Hokkaido shows, on 811 

the other hand, the typical enhanced interplate coupling signature, i.e. the velocity 812 

changes are northwestward. In drawing velocities in Figure 3.2, I converted the 813 

velocity in ITRF to the frame fixed to the Okhotsk plate using the nnr-MORVEL56 814 

model (Argus et al., 2011). 815 

Figure 3.2b, c shows crustal movements before and after the 2011 Tohoku-oki 816 

earthquake at six stations 0519, 0512, 0009, 0125, 0531, 0010, 0112, 0138, 0015, 817 

and 0532 (from northeast to southwest). Because the postseismic trenchward 818 

movements of the 2003 Tokachi-oki earthquake still continued in 2011, their 819 

velocity vectors deviate significantly in azimuth from the subduction direction of 820 

the Pacific Plate. Nevertheless, as seen in Figure 3.2a, the velocity changes at 821 

2011.19 is clearly in the direction of the subduction, i.e. the pre-earthquake 822 

landward movement of the GNSS stations has increased after the 2011 Tohoku-oki 823 

earthquake.  824 

In Figure 3.2d, I show the diagram similar to Figure 2.13 for the station 0112, 825 

where the landward velocity increase of 8.8±0.1 mm/yr is seen. Such an error for 826 

the increase represents 2σ. It is scaled with post-fit residuals but may underestimate 827 
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the real uncertainty. For the cases with data available from multiple stations, I use 828 

the scatters of their increase to express their uncertainties for later discussions of 829 

the model. One large difference from the typical case (Figure 2.13) is that even the 830 

component perpendicular to the subduction direction (trench-parallel, blue 831 

component in Figure 3.2d) has significant slopes. This component simply reflects 832 

the continuation of the postseismic movement of the 2003 Tokachi-oki earthquake, 833 

and these slopes do not show any change by the 2011 Tohoku-oki earthquake. 834 

Similar time series from two additional stations are given in Figure 3.3. Change in 835 

seismicity in the region showing enhanced landward movements are discussed in 836 

Chapter 4.2. We also demonstrate that the postseismic movements of the 2003 837 

Tokachi-oki earthquake are linear enough in 2008-2011 and its curvature does not 838 

influence the postseismic velocity change of the 2011 earthquake as discussed later 839 

in Chapter 4.3. 840 
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 841 

Figure 3.3. (a) Horizontal velocity changes associated with the 2011 Tohoku-842 
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oki earthquake in Hokkaido (same as stations with green arrows in Figure 3.2a). 843 

Time series of the two labeled stations (0010, 0519) are shown in (b). The 844 

components shown in blue colors are determined as the direction perpendicular 845 

to the velocity changes by the earthquake. The components in red are taken 846 

perpendicular to them.  847 

 848 

 849 

3.1.3 The 2003 Tokachi-oki Earthquake (Mw 8.3) 850 

On September 25, 2003, a large interplate earthquake occurred near Hokkaido, 851 

Japan, as the result of shallow thrust faulting on or near the plate interface between 852 

the overriding Okhotsk Plate (or North American Plate) and the subducting Pacific 853 

Plate. The epicenter was in the same location as the 1952 Tokachi-oki earthquake 854 

and could be considered as the recurrence of the 1952 event, although their slip 855 

distributions are a little different. Based on the analysis of the aftershock 856 

distribution by Takahashi and Kasahara (2004), the source region of the 2003 event 857 

is slightly smaller than that of the 1952 event.  858 

In this region, the Pacific Plate is moving west-northwest at a velocity of about 859 

91 mm/yr relative to the Okhostk Plate (Argus et al., 2011), subducting beneath 860 

Japan at the Japan Trench. This earthquake generated tsunami with the largest 861 

height of ~4 m (Tanioka et al., 2004). The coseismic slip distribution of the 2003 862 

earthquake by USGS (Figure 3.4) indicates thrust faulting with a shallow dip angle 863 

(strike= 240.0°, dip = 17.0°) of a fault plane with the length 272 and width 227 km. 864 

Before the 2003 Tokachi-oki earthquake, eastern Hokkaido experienced many 865 

large interplate earthquakes. Earthquakes with Mw 8.2 and Mw 7.7 occurred in 1968 866 

and 1994, respectively, to the southwest of the 2003 earthquake rupture area. The 867 

1994 earthquake ruptured the southern half of the 1968 rupture area. On the other 868 
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hand, the Mw 7.8 Nemuro-Oki earthquake in 1973 ruptured a fault to the east of the 869 

2003 earthquake. The aftershocks of the 2003 earthquake occurred in the segment 870 

between the 1968 and the 1973 ruptures. This suggests that the 2003 earthquake 871 

filled the seismic gap left between the 1968 and 1973 earthquakes. In addition to 872 

such interplate earthquakes, eastern Hokkaido also suffers from large earthquakes 873 

within the subducting Pacific Plate slab such as the Kushiro-oki earthquake on 874 

January 15, 1993.  875 

 876 

 877 

Figure 3.4. Surface projection of the slip distribution of the 2011 Tohoku-oki 878 
earthquake (Mw 8.3). Thick white lines indicate major plate boundaries. Dark 879 
gray circles are aftershock locations, sized by magnitude (Source: USGS 880 
https://earthquake.usgs.gov/earthquakes/eventpage/usp000c8kv/finite-fault). 881 

 882 

Postseismic deformation signatures observed using the GEONET data are well 883 

documented (e.g. Miyazaki et al., 2004; Itoh and Nishimura, 2016). It is this 884 

earthquake that Heki and Mitsui (2013) found postseismic enhanced interplate 885 
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coupling, for the first time, at the segments adjacent northeastward and 886 

southwestward to the ruptured segment. 887 

 888 

 889 

Figure 3.5 Maps and diagram demonstrating the postseismic landward velocity 890 
changes for the 2003 Tokachi-oki earthquake. Meaning of symbols are the 891 
same as those in Figure 3.2. (a) Differences of the velocities in 2008.7-2010.0 892 
relative to the pre-2003.00 velocities (I removed data before 1998.0 to avoid 893 
influences from postseismic movements of the 1994 Sanriku earthquake, see 894 
Chapter 4.3), reproduction of a part of Figure 2a of Heki and Mitsui (2013). In 895 
(b) and (c), I compare the velocities before and after the 2003 earthquake for 896 
stations showing postseismic enhanced coupling in (a). Red arrow represents 897 
the Pacific Plate movement relative to the Okhotsk Plate (Argus et al., 2011). 898 
The time series of the 0027 station (dark green arrow in b, c) is shown in (d) 899 
for the trench-normal (red) or trench-parallel (blue) components.  900 

 901 
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Figure 3.5 shows the maps and diagram similar to Figure 3.2 for the 2003 902 

Tokachi-oki earthquake. I selected the GNSS stations with landward velocity 903 

changes located along the Pacific coast of the northernmost Honshu (stations with 904 

green vectors in Figure 3.5a, 0153, 0156, 0158, 0162, 0027, 0539 from north to 905 

south). Figure 3.5b, c shows interseismic velocities before and after the earthquake. 906 

Here I used the F3 solution and followed the procedures in Heki and Mitsui (2013), 907 

i.e., I fixed the Kamitsushima station, Kyushu, Japan, which is not much different 908 

from the frame fixed to the Okhotsk Plate used for the 2011 earthquake (Figure 3.2). 909 

In Figure 3.5d, I show time series of the trench-normal (red) and trench-parallel 910 

(blue) components for the 0027 station. There I can see the increased landward 911 

movement of 5.3 mm/yr. Similar time series from two additional stations are given 912 

in Figure 3.6. 913 
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914 

 915 

Figure 3.6. (a) Horizontal velocity changes associated with the 2003 Tokachi-916 
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oki earthquake (same as stations with green arrows in Figure 3.5a). In (b), we 917 

show time series of horizontal positions of the two stations 0158 and 0162 918 

before and after the earthquake.  919 

 920 

As reported in Heki and Mitsui (2013), I also found that the velocity in the trench-921 

parallel direction (N9.0E) has also changed the rate by -4.0±0.1 mm/yr. This reflects 922 

the slight counterclockwise rotation of the velocity as recognized by comparing 923 

Figures 3.5b and 3.5c. This might be due to postseismic viscous relaxation 924 

occurring as a slow movement away from the fault (together with the trenchward 925 

movement), which is visible in the numerical simulation results given in Figure 926 

1.7b. Melnick et al. (2017), in their Figure 4, also shows that similar outward 927 

movements are reproduced as a result of vertical axis crustal rotation. 928 

As described earlier, Mavromatis et al. (2014) suggested that this landward 929 

velocity change indicates the termination of the postseismic trenchward movement 930 

caused by the 1994 Mw 7.6 Sanriku-oki earthquake (Heki et al., 1997). However, 931 

this cannot be a significant factor partly because their model does not explain the 932 

landward velocity change on the other side (easternmost Hokkaido) after the 2003 933 

earthquake (Figure 3.5a).  934 

Additional evidence comes from the velocity of 0027 prior to the 2003 935 

earthquake (Figure 3.7). In order to confirm the influence of the postseismic 936 

movement of the 1994 Sanriku-oki earthquake on the coseismic velocity changes 937 

of the 2003 Tokachi-oki earthquake at stations in NE Honshu, I plot the baseline 938 

length (distance) between the 0027 station (Figure 3.5) on the Pacific coast and the 939 

0184 station on the Japan Sea coast.  940 

 941 
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 942 
Figure 3.7. The change of the baseline length connecting the 0027 and 0184 943 
stations between the 1994 Sanriku-oki and 2003 Tokachi-oki earthquakes (the 944 
F3 solution not available before 1996 March). Slopes are estimated in different 945 
time windows of 1-1.5 years. The vertical error bars indicate 2σ uncertainties. 946 
This demonstrates that significant influence of the postseismic crustal movement 947 
extends only until ~1998. 948 
 949 
In Figure 3.7, the time series are modeled with lines with breaks at 1997.0, 1998.0, 950 

1999.0, 2000.5, 2002.0. In 1996-1998, the distance does not show significant 951 

changes due possibly to the balance of the landward (interseismic strain) and 952 

oceanward (postseismic movement of the 1994 event) velocities of 0027. As the 953 

latter decay, the slope becomes stationary. In fact, the effect of postseismic transient 954 

of the 1994 Sanriku-oki earthquake remains dominant only until 1997-1998. I 955 

excluded data before 1998.0 in deriving the pre-2003 velocity (Figure 3.5d). 956 

Therefore, the postseismic transient of the 1994 earthquake would not significantly 957 

affect the estimated velocity increases in 2003 September. 958 

 959 

3.2 The cases in Chile 960 

3.2.1 Tectonic setting in Central and Northern Chile 961 

Chile is a country located along the west coast of South America and situated 962 
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in one of the world's most active tectonic regions. This long but narrow country lies 963 

on or is close to four tectonic plates: The South American Plate, the Nazca Plate, 964 

the Scotia Plate, and the Antarctic Plate. The Chile subduction zone, stretching more 965 

than 3500 km, is segmented by the subduction of the Chile Rise and by the Juan 966 

Férnandez Ridge.  967 

The Chile Rise is an active spreading center that indicates the margin between 968 

the Nazca Plate to the north and the Antarctic Plate to the south. The Chile Rise first 969 

collided with the continent south of 48° S, in the Tierra del Fuego, at ~14 Ma and 970 

then migrated northward to the current location of triple junction. Consequently, the 971 

span of the Antarctic–South America subduction zone has increased during this 972 

period (Cande and Leslie 1986).  973 

The Juan Férnandez Ridge is a gentle topographic swell created by a series of 974 

disconnected, large seamounts. The most notable seamounts on the oceanic plate 975 

near the central Chile trench are the O'Higgins guyot and O'Higgins seamount, 976 

located in the easternmost portion of Juan Férnandez Ridge before subduction. The 977 

Juan Férnandez Ridge has been colliding with the Chilean margin in the north (at 978 

∼20°S) since ~22 Ma, and the collision front migrated southward to the current 979 

collision zone offshore Valparaíso (∼32.5°S) (Yáñez et al., 2001).  980 

The eastern side of the Nazca Plate forms the Peru-Chile Trench, the 981 

convergent margin with the overriding South American Plate, and the Andean 982 

Mountain Range is the continental arc made by this plate convergence. The Nazca 983 

Plate currently moves eastward relative to the South American Plate with a velocity 984 

of ~74 mm/year (Argus et al. 2011). The direction of the movement is almost 985 

perpendicular to the trench. The age of the Nazca Plate in North and Central Chile 986 
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ranges from ∼37 Ma to ∼48 Ma (Müller et al.1997). 987 

Tomographic model of the seismic wave velocity structure of the mantle in the 988 

area of the 2010 M8.8 Maule earthquake and surrounding regions (Pesicek et al., 989 

2012) shows that the length of the slab is ~1,100 km. On the other hand, the length 990 

of the Nazca slab under South America from 6°S to 32°S is also ~1,100 km from 991 

tomographic studies (Scire et al., 2017).  992 

 993 

3.2.2 The 2010 Maule Earthquake (Mw 8.8) 994 

Fast convergence between the Nazca and the South American Plates causes 995 

recurrent megathrust earthquakes along the Peru-Chile Trench off the Pacific coast 996 

of South America. The 2010 February Maule earthquake, one such event in central 997 

Chile, filled the seismic gap lasting since the 1835 Conception earthquake. In 998 

addition to the co- and postseismic crustal deformation of this earthquake reported 999 

in Vigny et al. (2011), Moreno et al. (2012), and Klein et al. (2016), Melnick et al. 1000 

(2017) reported postseismic increase of the landward velocities of stations located 1001 

to the north of the rupture. They further suggested that such enhanced coupling may 1002 

have triggered the occurrence of the 2015 Illapel earthquake (Mw 8.3) to the north 1003 

of the 2010 rupture.  1004 

Klein et al. (2016) reported large-scale postseismic oceanward movements of 1005 

GNSS stations around the ruptured segment, and it can be seen in velocity changes 1006 

by the 2010 earthquake in Figure 3.8a. We also can see that stations located to the 1007 

north of the 2010 rupture show clear signatures of enhanced interplate coupling 1008 

(green vectors in Figure 3.8a). The velocities of these GNSS stations before and 1009 

after the earthquake are shown in Figure 3.8b and c, respectively. Figure 3.8d shows 1010 
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the horizontal movement in the direction parallel with (red) and perpendicular to 1011 

(blue) the before-earthquake interseismic velocity of the CNBA station.  1012 

 1013 

 1014 
Figure 3.8. Maps and diagram demonstrating the postseismic landward 1015 
velocity change for the 2010 Maule earthquake. (a) Differences of the 1016 
postseismic velocities from those before the earthquake. In (b) and (c), I 1017 
compare the velocities before and after the earthquake for stations showing 1018 
enhanced coupling. The red arrow represents the Nazca Plate velocity. These 1019 
velocities are all relative to the South American Plate. The time series of the 1020 
CNBA station (dark green arrow in b, c) is shown in (d) using the horizontal 1021 
directions parallel with (red) or perpendicular to (blue) the velocity before the 1022 
earthquake. If I exclude data from 2010.17-2011.00, the rate change is reduced 1023 
to 5.0±0.2 mm/yr. 1024 
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 1025 
 1026 

The red component shows velocity increase of 6.1±0.2 mm/yr. There is some 1027 

misfit of the data to the straight line in the 2010 data. This suggests that the 1028 

postseismic landward velocity increase is somewhat larger immediately after the 1029 

earthquake than that after a few years. However, such a non-linear movement 1030 

cannot be seen in the two Japanese cases discussed in sections 3.1.2 and 3.1.3. 1031 

It is also interesting to see that the blue component shows the postseismic slow 1032 

movement away from the fault, a feature also observed after the 2003 Tokachi-oki 1033 

earthquake (Figure 3.5d). The stations in Figure 3.8b and 3.8c showing enhanced 1034 

landward velocities, including CNBA, suffer from data gaps up to two years (Figure 1035 

2.6). Additional time series of two stations are given in Figures 3.9. Change in 1036 

seismicity in the region showing enhanced landward movements are discussed later 1037 

in Chapter 5.2. 1038 
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 1039 

Figure 3.9. (a) Horizontal velocity changes by the 2010 Maule earthquake 1040 
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(same as stations with green arrows in Figure 3.8a). In (b) we show time series 1041 
of horizontal components at the two stations BTO1 and JUNT. These stations 1042 
suffer from data gaps lasting for ~2 years. 1043 

 1044 

3.2.3 The 2014 Iquique Earthquake (Mw 8.2) 1045 

The 2014 April Iquique earthquake occurred at a segment near the Peru-Chile 1046 

border. This segment has been known as the north Chilean seismic gap with the last 1047 

rupture by the 1877 Iquique earthquake (Mw 8.6) (Kelleher, 1972). Postseismic 1048 

trenchward movements occur near the ruptured fault as the combined effect of the 1049 

afterslip and the viscoelastic relaxation (Hoffmann et al., 2018). Figure 3.10a 1050 

suggests that the stations located to the south of 21 S, as well as one station AREQ 1051 

to the north, are not affected by such postseismic trenchward movements.  1052 

Figure 3.10d shows the SRGD station to the south of the rupture, showing small 1053 

landward velocity increase of 2.8 mm/yr by the 2014 earthquake. On the northern 1054 

side, AREQ shows the increase of 2.9 mm/yr. Both SRGD and AREQ stations are 1055 

located at distances comparable to the fault length from the SE and NW edges of 1056 

the fault. The time series of AREQ and an additional station to the south of the 1057 

rupture are given in Figure 3.11. 1058 

Large interplate earthquakes occurred recently around the 2014 Iquique 1059 

earthquake. To the north, the southern Peru earthquake (Mw 8.4) occurred near 1060 

Arequipa in 2001, being followed by postseismic deformation continuing for at 1061 

least two years (Perfettini et al., 2005). The rupture area of the 2001 earthquake 1062 

seems to be coupled again a decade after the earthquake (Villegas-Lanza et al., 1063 

2016). I expect that the increasing of landward velocity at AREQ station after 2014 1064 

was not much influenced by the decay of the postseismic movement of the 2001 1065 

event. 1066 
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To the south, the 2007 Tecopilla earthquake (Mw 7.7) (Schurr et al., 2012) and 1067 

the 1995 Antofagasta earthquake (Mw 8.1) (Pritchard et al., 2002) did not 1068 

significantly change the slip deficit in the studied region. Strong interplate coupling 1069 

is confirmed in the 2014 Iquique earthquake focal region prior to the earthquake 1070 

(Métois et al., 2013; Li et al., 2015). Hence, I think the influences from the 1071 

postseismic movements of these earthquakes to the landward velocity change 1072 

following the 2014 Iquique earthquake are small. 1073 

 1074 
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 1075 
Figure 3.10. Maps and diagram demonstrating the postseismic landward 1076 
velocity changes to the north and south of the 2014 Iquique earthquake rupture. 1077 
(a) indicates the differences of the velocities before and after the earthquake 1078 
shown in (b) and (c), respectively. The red arrow represents the Nazca Plate 1079 
movement relative to the South American Plate. The time series of the SRGD 1080 
station (dark green arrow in b, c) are shown in (d) in the trench-normal (red) or 1081 
trench-parallel (blue) components.  1082 

 1083 
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1084 

 1085 
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Figure 3.11. (a) Horizontal velocity changes by the2014 Iquique earthquake 1086 

(same as stations with green arrows in Figure 3.10a). In (b) we show time 1087 

series of the two stations AREQ and VLZL. 1088 

 1089 

3.3 The case in Sumatra 1090 

3.3.1 Tectonic setting in Southwest Sumatra 1091 

The Sunda Arc, which extends more than 4000 km, is formed by the subduction 1092 

of the Indo-Australian Plate (or the Australian Plate) beneath the Eurasian Plate (or 1093 

the Sundaland Plate). This arc ranges from the Andaman Sea in the northwest to the 1094 

Banda Sea in the east. The region west of the Sumatra Island is one of the most 1095 

seismically active and tectonically complex regions on the Earth. There are some 1096 

debates regarding whether the Sundaland Plate is moving as a distinct lithospheric 1097 

block or can be regarded as a stable continuation of its northward-neighboring 1098 

Eurasian Plate (Simons et al., 2007).  1099 

The Sunda Arc is characterized by a high degree of volcanic activity of mostly 1100 

andesitic composition (Curray, 1989). In the Sumatra subduction zone, which is a 1101 

part of the Sunda Arc, the oceanic plate subducts beneath the landward plate 1102 

obliquely (~40° at 2°N) with a convergence rate that varies along the trench from 1103 

~60 mm/yr at 6°S to ~52 mm/yr at 2°N (Prawirodirdjo et al., 2000). The subduction 1104 

system has been active since at least the Oligocene and is much influenced by the 1105 

late Eocene collision of the Indian subcontinent with Eurasia (Hamilton 1988). The 1106 

age of the subducting plate varies from 40 Ma to 80 Ma (Muller et al., 2008), with 1107 

the youngest oceanic crust subducting to the east of the Nias Island in northern 1108 

Sumatra. To the west of the Sumatra Island, the forearc ridge emerges and forms an 1109 

island chain, extending from the Simelue Islands in the northwest to the Enggano 1110 
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Island in the southeast. To the south of the Java Island, this forearc ridge submerges 1111 

below the sea level (Susilo Hadi et al., 2009). Tomographic model of the mantle in 1112 

the area of the 2007 Mw 8.4 Bengkulu earthquake and surrounding regions by 1113 

suggests that the length of the slab is ~700 km (Hafkenscheid et al., 2001). 1114 

 1115 

3.3.2 The 2007 Bengkulu Earthquake (Mw 8.4) 1116 

The 2007 September Bengkulu earthquake occurred within the southern 1117 

Sumatra subduction zone as a result of the oblique convergence of the two plates. 1118 

In this region, the Australian Plate moves northeastward with respect to the 1119 

Sundaland Plate at a velocity of about ~60 mm/yr (Argus et al. 2011). USGS Finite 1120 

fault modelling indicates that the fault of this earthquake slipped over an area 1121 

approximately 300 km long (along strike) by 110 km wide (in the down-dip 1122 

direction, Figure 3.12). 1123 

 1124 

 1125 

Figure 3.12. Surface projection of the slip distribution of the 2007 Bengkulu 1126 
Earthquake (Mw 8.4) (Source: USGS https://earthquake.usgs.gov/ earthquakes/ 1127 
eventpage/ official20070912111026830_34/finite-fault).  1128 

 1129 
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This region has been suffering from recurrent large earthquakes for a long time, 1130 

with a series of large interplate earthquakes occurring since the 2004 December 1131 

Sumatra-Andaman earthquake (Mw 9.2). Such earthquakes include the 2005 March 1132 

Nias earthquake (Mw 8.5), the 2007 Bengkulu earthquake (Mw 8.4), and the 2010 1133 

Mentawai tsunami earthquake (Mw 7.9). In the past, similar megathrust earthquakes 1134 

may have hit this area in 1797 and 1833 as inferred from studies of coral microatolls 1135 

(Natawidjaja et al., 2006). I use the GNSS data of the MLKN station, one of the 1136 

SuGAR (Sumatra GPS Array) station in the Enggano Island, to compare the 1137 

velocity before and after the 2007 earthquake.  1138 

As seen in Figure 3.13a, stations on the rupture and on the northwestern segment 1139 

show large trenchward postseismic movements. On the other hand, MLKN shows 1140 

northeastward velocity change by the 2007 earthquake. An unusual situation for this 1141 

station is that its interseismic velocity is not in the direction of the subduction. As 1142 

seen in Figures 3.13b and 3.13c, which compare velocities before and after the 2007 1143 

earthquake, the station moves northwestward. This reflects the continuation of the 1144 

postseismic movement of the 2000 Enggano earthquake (Mw 7.9), whose fault plane 1145 

is indicated with a red rectangle (Abercrombie et al., 2003). In spite of this situation, 1146 

the velocity change of MLKN in 2007 coincides with the plate subduction direction. 1147 

Hence, I think it an example of the postseismic landward velocity changes studied 1148 

here. The end of the postseismic period is taken at 2010.81, the occurrence time of 1149 

the Mentawai earthquake, a Mw 7.9 typical tsunami earthquake that occurred close 1150 

to the 2007 rupture (Satake et al., 2012). MLKN clearly shows the increase of the 1151 

landward velocity at this segment.  1152 

I found the velocity change in the trench-normal component of 5.1 mm/yr 1153 
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following the 2007 Bengkulu earthquake (Figure 3.13d). Unlike other cases, 1154 

MLKN is located quite close to the southeastern edge of the fault of the 2007 1155 

earthquake. In this earthquake, the afterslip occurred mainly in the northwest part 1156 

of the fault, which made the postseismic signals weak at MLKN. Lubis et al. (2012) 1157 

calculated postseismic crustal movements of the 2007 earthquake by the 1158 

viscoelastic relaxation, and the results showed insignificant movement around the 1159 

MLKN station, and this support our interpretation that the velocity change of 1160 

MLKN comes from the landward increased velocity of the 2007 earthquake.  1161 

This region is thought to be a part of the Sunda Strait seismic gap. Mignan et al. 1162 

(2006) suggested that this area has remarkable accelerated seismic moment release 1163 

similar to the area where maximum slip occurred during the 2004 Sumatra-1164 

Andaman earthquake. Hanifa et al. (2014) pointed out that the region off the 1165 

southwestern coast of Java is a seismic gap with a high probability of future 1166 

earthquakes. The enhanced coupling after the 2007 Bengkulu earthquake might 1167 

contribute to accelerated strain accumulation in those segments.  1168 

 1169 
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 1170 
Figure 3.13. Maps and diagram showing the increased landward velocity after 1171 
the 2007 Bengkulu earthquake. (a) Differences of the velocities (relative to the 1172 
Sunda Plate) between periods before and after the earthquake shown in (b) and 1173 
(c), respectively. The red arrow represents the Australian Plate subduction 1174 
relative to the Sunda Plate. The red rectangle indicates the fault plane of the 1175 
2000 Enggano earthquake (Mw 7.9). The time series of the MLKN station is 1176 
shown in (d) using the horizontal directions parallel with (red) or perpendicular 1177 
to (blue) the subduction direction.  1178 

 1179 

3.4 The case in Mexico 1180 

3.4.1 Tectonic Setting of Mexico 1181 

Mexico is located on The Middle America subduction zone, where the Rivera and 1182 
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The Cocos Plates subduct beneath the North American and Caribbean Plates along 1183 

the Middle America Trench. Around 30–28 Ma, a larger tectonic plate called the 1184 

Farallon Plate, gradually split into several fragments, including the Rivera and 1185 

Cocos Plate. This split began when the East Pacific Rise to interact with the North 1186 

American Plate (Atwater and Stock, 1998). Cocos Plate is a relatively young 1187 

oceanic plate (10–25 Ma) which subducts along the Middle America Trench at 1188 

variable convergence rates 50 to 90 mm/yr (Manea et al., 2013). 1189 

 1190 

3.4.2 The 2012 Oaxaca Earthquake (Mw 7.4) 1191 

Several significant earthquakes occurred in the region near the 2012 March 1192 

Oaxaca earthquake, e.g. the 1932 Mw 7.9 earthquake, the 1995 Mw 8.0 earthquake, 1193 

and the 1985 Mw 8.1 earthquake (Kanamori et al., 1993; Courboulex et al., 1997). 1194 

For this earthquake, I could find only one station suitable for the present study, the 1195 

OXPE station (Figures 3.14a, b), with meaningful time span before and after the 1196 

earthquake and with position near the 2012 rupture. Our result showed a small 1197 

increase of the landward component of the horizontal velocity of ~4.1 mm/yr 1198 

(Figure 3.14c). This station is located at a distance comparable to the fault length 1199 

from the SE edge of the fault. 1200 

 It is difficult to know if earthquakes before the 2012 Oaxaca earthquake 1201 

influence landward velocity change because of the lack of enough GNSS data. The 1202 

last major earthquake that occurred near the OXPE station, is a M7.5 earthquake in 1203 

1999 (Segou and Parsons, 2018). Considering the time between the two earthquakes, 1204 

the decay of its postseismic crustal deformation would not significantly influence 1205 

the results shown in Figure 3.14. 1206 
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 1207 

 1208 

 1209 

Figure 3.14. Maps and diagram demonstrating the postseismic landward 1210 
velocity increase for the 2012 Oaxaca earthquake. In (a) and (b), I compare the 1211 
velocity before and after the 2012 earthquake for the station OXPE showing 1212 
possible postseismic enhanced coupling. The red arrow represents the Cocos 1213 
Plate movement. The velocity vectors are all relative to the North American 1214 
Plate. The time series of the horizontal coordinates of the OXPE station (dark 1215 
green arrow in a, b) is shown in (c) using the components parallel with (red) or 1216 
perpendicular to (blue) the subduction direction.  1217 

 1218 
  1219 
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Chapter 4: Discussion 1220 

 1221 

 1222 

 1223 

4.1 Overview of the six cases 1224 

I reported six cases in four different subduction zones suggesting the post-1225 

megathrust occurrence of landward increase of forearc velocity on the segments 1226 

adjacent along-strike to the ruptured segment. They are not easily explained by 1227 

conventional interpretations with postseismic processes such as afterslip and local 1228 

scale viscous relaxation. I first revisited the 2003 Tokachi-oki and the 2011 Tohoku-1229 

oki earthquakes in NE Japan reported by Heki and Mitsui (2013). I then studied the 1230 

2010 Maule earthquake, Chile, for which Melnick et al. (2017) reported increased 1231 

landward movements north of the rupture. I also studied the velocity changes 1232 

associated with the 2014 Iquique earthquake in northern Chile, originally found by 1233 

Hoffmann et al. (2018). I newly found the signatures for the 2007 Bengkulu 1234 

earthquake (Southwestern Sumatra), and the 2012 Oaxaca earthquake (Mexico).  1235 

The six examples include the two cases, 2011 Tohoku-oki and 2007 Bengkulu 1236 

earthquakes, where interseismic velocities deviate largely from relative plate 1237 

subduction directions. Such deviations are due to long-lasting postseismic crustal 1238 

movements of past earthquake, i.e. 2003 Tokachi-oki and the 2000 Enggano 1239 

earthquakes, respectively. Even in these cases, the velocity changes nearly align 1240 

with the plate subduction directions. I also carefully evaluated the leakage of the 1241 

decaying trenchward postseismic crustal movements of past large nearby 1242 
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earthquakes into the inferred landward velocity increases.  1243 

In addition to landward velocity increase, a trench-parallel velocity change was 1244 

found after the 2003 Tokachi-oki earthquake (Heki and Mitsui, 2013). Also, in the 1245 

2010 Maule earthquake, the changes of the velocities are somewhat deviated 1246 

counterclockwise from the plate subduction direction (Figure 3.8a). Such changes 1247 

could be driven by postseismic viscous relaxation.  1248 

Vertical velocities may also have changed at stations showing enhanced landward 1249 

velocities. Because of the larger noises in vertical component, I cannot draw 1250 

decisive conclusions for them (Figure 2.14). We should revisit the problem after 1251 

data with enough time span become available in the future. 1252 

In addition to the six cases studied here, I looked for similar increase signatures 1253 

for other megathrusts in various subduction zones. They include the 2004 December 1254 

Sumatra-Andaman earthquake (Mw 9.2) and the 2005 March Nias earthquake (Mw 1255 

8.6) (Figure 1.5). The search was not successful in these cases simply due to the 1256 

lack of enough time span of pre- and postseismic data from GNSS stations in 1257 

appropriate places. The movements of the SuGAR stations are well documented by 1258 

e.g., Feng et al. (2015). Below I summarize the situation in Sumatra.  1259 

The three SuGAR stations (PSMK, PTLO, PBAI) in islands to the northwest of 1260 

Sumatra started working well before the 2004 Sumatra-Andaman earthquake and 1261 

may have recorded enhanced landward velocities following that event. However, 1262 

the 2005 March Nias earthquake occurred before we can confirm its signature, and 1263 

their velocity changed trenchward due to the postseismic movements by the 2005 1264 

event. Three SuGAR stations (MSAI, PSKI, BSAT) off the middle Sumatra started 1265 

operation before 2004, but they were not close enough to the 2005 rupture and did 1266 
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not show significant post-2005 landward velocity change. It is a pity because it is 1267 

likely that these two earthquakes caused landward velocity increases in the Sumatra 1268 

subduction zone. In fact, a series of Mw>7 earthquakes occurred in the segments to 1269 

the southwest of these two earthquakes (Haridhi et al., 2018) suggesting accelerated 1270 

interplate strain buildup there.  1271 

A similar situation applies for the 2015 Illapel earthquake (Mw 8.3), in central 1272 

Chile (Figure 1.5). For example, the COPO station is in the region suitable to study 1273 

increased coupling by the 2015 earthquake, but its observation data are not available 1274 

after 2015.  1275 

 1276 

4.2 Spatial decay of the enhanced coupling 1277 

The enhanced coupling may encourage future failures in the neighboring 1278 

segments. For example, earthquakes such as the 2015 Illapel earthquake (Mw 8.3) 1279 

and the 2016 Chiloé earthquake (Mw 7.6), occurred to the north and south of the 1280 

2010 Maule earthquake, respectively, may have been triggered by the enhanced 1281 

coupling caused by the 2010 Maule event (Mw 8.8) (Melnick et al., 2017; Ruiz et 1282 

al., 2017). To further discuss this issue, it is important to know the spatial and 1283 

temporal decay of the enhanced coupling. 1284 

In Chapter 3, I did not pay much attention to the relationship between amounts 1285 

of the velocity changes and distances from the ruptured faults. In Figure 4.1, I plot 1286 

the landward velocity increases as a function of the distance from the center of the 1287 

fault for the 2003 Tokachi-oki, 2011 Tohoku-oki, and the 2010 Maule earthquakes. 1288 

For the Tohoku-oki case, postseismic trenchward movements seem to prevail from 1289 

the rupture area as far to the northeast as ~100 km from the fault edge. According 1290 
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to the slab acceleration model (Chapter 2.3), this does not mean the absence of slab 1291 

acceleration there. The acceleration is the largest just beneath the ruptured fault, but 1292 

it is “hidden” by the oceanward movement of the forearc caused by the afterslip and 1293 

viscoelastic relaxation.  1294 

 1295 

 1296 

 1297 

Figure 4.1. Dependence of the increase of landward velocities (v’-v) of forearc 1298 
stations on the distance from the center of the fault for the 2011 Tohoku-oki, 1299 
the 2010 Maule, and the 2003 Tokachi-oki earthquakes. The distance was 1300 
calculated in the direction of fault strike (black arrows), except for the south of 1301 
the 2003 Tokachi-oki case due to the bending of the trench (d). I included data 1302 
from ~30 GNSS stations near the Pacific coast of Hokkaido (a), 7 stations near 1303 
the Pacific coast of NE Japan and Hokkaido (b), and 9 stations near the pacific 1304 
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coast of central Chile (c). The average slips in both along-strike directions from 1305 
the fault centers are obtained from the slip models from USGS. Broken curves 1306 
are hypothetical smooth models. 1307 

 1308 

For the 2011 Tohoku-oki case, the landward velocity changes prevail for stations 1309 

farther than ~100 km from the fault edge. Such an increase is confirmed to continue 1310 

as far as ~650 km from the fault center, but it is not clear if it extends beyond that 1311 

point due to the lack of data. For the 2010 Maule case, I have data only beyond 500 1312 

km from the fault center. Probably, the true maximum landward velocity increase 1313 

for this event would exist somewhere with distance < 500 km. For this earthquake, 1314 

the data are available as far as 800 km, and the velocity increases seem to decay 1315 

gradually for distance range 500-800 km. For the 2003 Tokachi-oki case, landward 1316 

increase appears in the stations closer to the fault, and its maximum occurs only 1317 

~100 km from the fault edge. From these three cases, the landward velocity increase 1318 

seems to extend at least as far as ~1/2 the fault lengths beyond the fault edges.  1319 

If such a landward velocity increase causes increased interplate coupling, large 1320 

earthquakes may be encouraged in future in “affected segments”, e.g. the southern 1321 

Kuril Islands and in central Chile. It would be reasonable to consider that the 1322 

enhanced interplate coupling to the north of the Maule rupture has triggered the 1323 

2015 Mw 8.3 Illapel earthquake (see Figure 4.1c for position). 1324 

D’acquisto et al. (2020) used the velocity-driven 3D mechanical finite element 1325 

models to quantify and analyze the deformation that produces landward motion by 1326 

the viscous relaxation of the mantle wedge and the deep afterslip. Their results show 1327 

increased postseismic landward motion of up to ~6.1 mm/yr at (trench-parallel) 1328 

distances >450 km from the middle of the ruptured asperity. They conclude that 1329 

enhanced landward motion is generated by in-plane elastic bending of the 1330 
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overriding plate and mantle wedge in response to oceanward motion of lithosphere 1331 

around the rupture zones. Their results are also consistent with the observations in 1332 

Central Chile. Melnick et al. (2017) used a large-scale three-dimensional 1333 

thermomechanical model to simulate viscoelastic relaxation of the mantle to 1334 

explain continental-scale velocity changes. Their model also reproduces the 1335 

observed landward velocity increase.  1336 

 1337 

4.3 Temporal decay of the enhanced coupling 1338 

Another important aspect is the temporal decay. According to the slab 1339 

acceleration model (Chapter 2.3), The enhanced coupling decays as the interplate 1340 

coupling Fc returns to the pre-earthquake state. Such a recovery time may depend 1341 

on the earthquake magnitude, i.e. the larger the magnitude, the longer the period for 1342 

the recovery of interplate coupling. In the time series of trench-normal movements 1343 

(Figures in Chapter 3), temporal decays are not very evident, i.e. landward 1344 

movements show simple increased linear trends without notable curvatures. For the 1345 

2010 Maule, the time series has a curvature immediately after the earthquake, but 1346 

we do not see a curvature after the data gap (Figure 3.8). Here I confirm this 1347 

numerically. 1348 

I set up the moving 1-year time period for the linear regression to see possible 1349 

temporal change in slope (Figure 4.2). This analysis shows that velocity changes 1350 

are either higher or lower in the first few years due to postseismic transients. Gray 1351 

arrows in Figure 4.2 indicate rough length of significant postseismic transients 1352 

given in past literatures. After these years, the velocity changes seem to remain 1353 

stable.  1354 
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 1355 

 1356 

Figure 4.2 Interseismic landward velocity change estimated within moving 1-year time windows (a-f). Horizontal coordinates of the 1357 
green circles show the centers of the time windows. Gray arrows represent the duration of postseismic decay based on previous studies. 1358 
In (c) and (e), I exclude data after significant earthquakes occurred nearby (black dashed line). After periods of instability, the rate 1359 
becomes stationary for subsequent years. In the two Chilean cases (c, d), data gaps make the rate change unstable. 1360 
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Figure 4.3 presents an example of a long-time continuous distance changes of a 1361 

baseline in Hokkaido, connecting the 0010 and 0102 stations. This baseline is 1362 

approximately in the direction of the Pacific Plate subduction and the data covers 1363 

from 1996 to 2020. The distance gets shorter as the interseismic compressive strain 1364 

accumulates. This is disrupted by two interplate earthquakes in 2003 Tokachi-oki 1365 

(Mw 8.3) earthquake and the 2004 Kushiro-oki (Mw 7.0) earthquake (Tanioka and 1366 

Katsumata, 2007). After a few years of oceanward movement of 0010 (increase of 1367 

the distance), distance resumed to decrease. The rate before and after these two 1368 

earthquakes are 29.3 mm/yr and 27.5 mm/yr, respectively. After the 2011 Tohoku-1369 

oki earthquake, this rate increased to 32.9 mm/yr due to the enhanced landward 1370 

movement of 0010.  1371 

An important feature in Figure 4.3 is that the increased landward velocity does 1372 

not seem to decay in time up to now. It shows temporary enhanced shortening for 1373 

two years just like the case in the 2010 Maule earthquake (Figure 3.8). After that, 1374 

the baseline continues to contract at a steady increased rate up to now. Yamagiwa 1375 

et al. (2015) showed that afterslip has mostly decayed in 2.5 years, while viscous 1376 

relaxation continues over a longer time with a time constant of ~10 years. The 1377 

increased landward velocity as seen in Figure 4.3 would have a longer time constant. 1378 

As mentioned in Heki and Mitsui (2013), such an apparent lack of decay is a striking 1379 

feature of this phenomenon, and we need observations over longer time windows 1380 

to understand the process.   1381 
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 1382 

 1383 

Figure 4.3. Time series of the distance between two GNSS stations in Hokkaido, Japan, showing little temporal decay of the landward 1384 
increased velocity started after the 2011 Tohoku-oki earthquake. The inset map shows the position of the two GNSS stations, and the 1385 
epicenters of the two earthquakes, 2003 Tokachi-oki (Mw 8.3) and 2004 Kushiro-oki (Mw 7.0) earthquakes. The three rates attached to 1386 
the dashed lines are average rate for periods 1996.0-2003.74 (29.3 mm/yr), 2007.0-2011.19 (27.5 mm/yr), and 2013.0-now (32.9 mm/yr).1387 
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4.4 Forearc station velocities and slab velocities  1388 

Heki and Mitsui (2013) hypothesized that postseismic enhancements of the 1389 

interplate coupling may reflect the accelerated rate of the slab subduction u’-u in 1390 

response to the modified balance of forces acting on the subducting slab (Figure 1391 

2.15). Actually, what is observed is the change in velocity of forearc GNSS stations 1392 

v’-v, and it is necessary to convert v’-v to u’-u. Generally, v becomes larger if 1393 

interplate coupling is stronger, but v never exceeds u. I here inferred the ratio v/u 1394 

(0≤ v/u <1) by comparing the observed interseismic velocity of the GNSS station 1395 

and the subduction speed calculated by the MORVEL model (Argus et al., 2011).  1396 

For example, in the Maule earthquake, the velocity of the CNBA station observed 1397 

before (vCNBA) and after (v’CNBA) the earthquake, might be related to the 1398 

hypothetical slab acceleration u’Nazca-uNazca. This relationship can be formulated 1399 

using the subduction speed of the Nazca Plate vNazca relative to the South American 1400 

Plate at the Chile Trench, as follows,  1401 

 1402 

u’Nazca-uNazca = (vNazca /vCNBA) × (v’CNBA -vCNBA)    (6) 1403 

 1404 

This conversion is applied to all cases except the Tohoku-oki and the Bengkulu 1405 

earthquakes. In these two cases, postseismic movements of nearby earthquakes in 1406 

recent past still influenced v and v’ (Figures 3.2 and 3.13), i.e. the 2003 Tokachi-oki 1407 

and the 2000 Enggano earthquakes, respectively. In Japan, I used the interseismic 1408 

velocities before the earlier earthquake (i.e. before 2003). For the MLKN station, 1409 

the data are not available before 2000, and so I used the average of interseismic 1410 

velocities in 2000-2007 of the five stations above the 2007 rupture (Figure 3.13a) 1411 

to infer vMLKN.  1412 
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By such calculations, the acceleration of the slab subduction for the six cases 1413 

became, 22.0 mm/yr (2011 Tohoku-oki), 8.4 mm/yr (2003 Tokachi-oki), 10.4 1414 

mm/yr (2010 Maule), 6.6 mm/yr (2014 Iquique), 8.5 mm/yr (2007 Bengkulu), and 1415 

10.1 mm/yr (2012 Oaxaca). For the first four cases, I have data from multiple 1416 

stations and calculated the uncertainties in such velocity changes. 1417 

 1418 

4.5 Comparison of the data with the slab acceleration model (Heki 1419 

and Mitsui, 2013)  1420 

Here I examine the slab acceleration model by Heki and Mitsui (2013) by 1421 

comparing the acceleration of the subduction speed inferred in the previous section 1422 

with the model predictions. The equation (2) suggests that the decrease in the 1423 

coupling Fc’-Fc determines the slab acceleration u’-u. The acceleration would hence 1424 

depend on Mw, because a larger earthquake would cause larger Fc’-Fc. Figure 4.4 1425 

compares de-trended time series of trench-normal movements of the forearc 1426 

stations for the six cases studied here, using a unified vertical axis. The figure shows 1427 

that the acceleration is larger for a case with a larger Mw, and the most significant 1428 

velocity increase appeared following the Mw 9.0 2011 Tohoku-oki earthquake.  1429 

 1430 
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 1431 

Figure 4.4. Comparison of the increased landward velocities of GNSS stations 1432 

following six megathrust earthquakes studied here. I removed linear trends 1433 

before the earthquakes to facilitate the comparison of postseismic velocity 1434 

increases for the six cases. The vertical grey line, used as the origin, indicates 1435 

the earthquake occurrence times. The station names and the azimuths of the 1436 

displayed movements are given to the left, and the earthquake names and their 1437 

Mw are given to the right.  1438 

 1439 

The surface velocity changes v’-v in Figure 4.4 are converted to slab velocity 1440 

changes u’-u, as discussed in the previous section. Figure 4.5a compares u’-u in 1441 

addition to v’-v as a function of Mw. There, smaller symbols show v'-v and u'-u at 1442 

individual stations for earthquakes where multiple stations are available. We can 1443 

see that a larger earthquake brings a larger change, both forearc (v) and slab (u) 1444 

velocities.  1445 

As discussed in Section 3, the loss of coupling Fc’– Fc would be proportional to 1446 

the coseismic slip averaged over the fault sav if we fix other parameters. Figure 4.5b 1447 
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compares the slab acceleration with the average slip sav, calculated using the slip 1448 

data of USGS as shown in Figures 3.2, 3.5, 3.8, 3.10, 3.13, and 3.14. The 1449 

acceleration seems to show good correlation with sav considering that the value for 1450 

the 2010 Maule earthquake is probably an underestimate (Figure 4.1d). However, 1451 

it is not very clear if the two quantities are proportional considering the four 1452 

earthquakes with Mw≤8.5 are clustered at a down-left corner of the figure and do 1453 

not contribute to the evaluation of the linearity.  1454 

 1455 

 1456 
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Table 4.1. Slab length for individual earthquake. 1457 

No Earthquake  Slab length (km) W (km) Source 

1 The 2011 Tohoku-oki (Mw 9.0) 1,075 2,150 Deal and Nolet (1999) 

2 The 2010 Maule (Mw 8.8) 1,100 2,200 Pesicek, et al. (2012) 

3 The 2003 Tokachi-oki (Mw 8.3) 1,075 2,150 Deal and Nolet (1999) 

4 The 2007 Bengkulu (Mw 8.4) 700 1,400 Hafkenscheid, et al. (2001) 

5 The 2014 Iquique (Mw 8.2) 1,100 2,200 Scire, et al. (2017) 

6 The 2012 Oaxaca (Mw 7.4) 900 1,800 Husker and Davis (2009) 

1458 

 1459 

 1460 
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Table 4.1. Average slip for individual earthquake. 1461 

No. Earthquake Average 
slip (m) Source 

1 The 2011 Tohoku-oki (Mw 9.0) 7.97 https://earthquake.usgs.gov/earthquakes/eventpage/official20110311054624120_30/finite-
fault 

2 The 2010 Maule (Mw 8.8) 5.14 https://earthquake.usgs.gov/earthquakes/eventpage/usp000c8kv/finite-fault 

3 The 2003 Tokachi-oki (Mw 8.3) 0.80 https://earthquake.usgs.gov/earthquakes/eventpage/official20100227063411530_30/finite-
fault 

4 The 2007 Bengkulu (Mw 8.4) 0.80 https://earthquake.usgs.gov/earthquakes/eventpage/usc000nzvd/finite-fault 

5 The 2014 Iquique (Mw 8.2) 0.77 https://earthquake.usgs.gov/earthquakes/eventpage/official20070912111026830_34/finite-
fault 

6 The 2012 Oaxaca (Mw 7.4) 0.63 https://earthquake.usgs.gov/earthquakes/eventpage/usp000jghj/finite-fault 

1462 
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 1463 

 1464 
Figure 4.5. (a) Comparison of the forearc acceleration, v'-v, and the slab acceleration, u'-u, for six different megathrust earthquakes with 1465 
Mw7.4-9.0. Different symbols indicate different subduction zones. Smaller symbols show values at individual stations for the cases with 1466 
multiple available stations. (b) Mw is replaced with the slips averaged over the faults (sav) in (b) and with sav/W, where W corresponds to 1467 
the length of the slab surface (see eq. 5). Error bars show the standard deviation of the averages of these velocity changes.  1468 
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 1469 

Equation (5) also suggests that the slab acceleration is inversely proportional to 1470 

W, the length the slab surface. Here I assumed that W is twice as long as the slab 1471 

lengths inferred from seismic tomography studies and compare u’-u and sav/W in 1472 

Figure 4.5c. Here I use the information on the lengths W, twice as long as the slab 1473 

length, i.e. 1,075 km for NE Japan (Deal and Nolet, 1999), 1,100 km for Chile 1474 

(Scire et al., 2017), 700 km for Sumatra (Hafkenscheid et al., 2001), and 900 km 1475 

for Mexico (Husker and Davis, 2009). Considering that the value for the Maule 1476 

event is underestimated, data in Figure 4.5c may suggest linearity. Nevertheless, 1477 

they are not enough to provide a firm support to the slab acceleration model by Heki 1478 

and Mitsui (2013), considering that 4 smaller earthquakes are clustered and do not 1479 

fully contribute to the evaluation of the linearity. After all, the data obtained in this 1480 

study support the model, but they are not strong enough to rule out other 1481 

possibilities. 1482 

The dashed line in Figure 4.5c has the slope of 6.1x103 m yr-1, which corresponds 1483 

to 1.93 x10-4 m sec-1. This slope is equivalent to νd/µ in equation (5) as the average 1484 

of the four subduction zones studied here (although the 2011 Tohoku-oki and the 1485 

2010 Maule data mainly contribute to the determination of this slope). If I put 50 1486 

GPa and 1017 Pa∙s into ν and µ, I get 380 meters for d, the thickness of the low-1487 

viscosity layer at the slab surface. 1488 

  1489 
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Chapter 5: Change in Seismicity 1490 

 1491 

 1492 

 1493 

5.1 Previous Studies 1494 

Early studies indicated that various properties, including the occurrence of 1495 

megathrust earthquakes, of subduction zones are governed by the velocity and the 1496 

age of the subducting oceanic plates (Uyeda and Kanamori, 1979; Ruff and 1497 

Kanamori, 1980). Subsequent studies also showed that the orientation of the stress 1498 

fields and the degree of development of accretionary prisms may play a role in 1499 

determining the magnitudes of the interplate earthquakes (Heuret et al., 2012). The 1500 

relationship between the seismicity rate and the plate convergence velocities has 1501 

been investigated by several previous studies, such as Bird et al. (2009) and Singh 1502 

et al. (1992).  1503 

Peng et al. (2012) claimed that a major earthquake can increase seismicity 1504 

based on seismicity data in Southwestern China following the 2004 Sumatra 1505 

Earthquake. There, the increase of seismic activity was mostly coming from 1506 

shallow events. This case reflects a change in stress rather than increased interplate 1507 

velocity. In Japan, the occurrence rates of small repeating earthquakes increased 1508 

following the 2011 Tohoku-oki earthquake (Uchida et al., 2016), which provides a 1509 

clear evidence of the accelerated slab subduction beneath the Kanto District.  1510 

 Ide (2013) compared seismicity in worldwide subduction zones and 1511 

confirmed that relative plate velocity correlates positively with the seismicity rate. 1512 

In this study, I expect that the increase of landward velocity in the regions of 1513 
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enhanced coupling may correlate positively with the background seismicity rate. In 1514 

this chapter, I show the results of the studies on the seismicity changes in such 1515 

regions. 1516 

 1517 

5.2 Seismicity data 1518 

Generally speaking, earthquakes can hit any region on earth at any time. 1519 

However, very large earthquakes tend to occur along convergent plate margins, 1520 

earthquakes and tsunami constitute distinctive hazards for those living in such 1521 

regions. About 81% of the worldwide massive earthquakes occur along the rim of 1522 

the Pacific Ocean, the region well known as the circum-Pacific seismic belt. 1523 

Seismic activity in this region indicates significant heterogeneity, such as giant 1524 

earthquakes, medium and small-scale earthquakes, tsunami earthquakes, and 1525 

slow/silent earthquakes, aside from microearthquake activities. The 40,000-1526 

kilometer horseshoe-shaped belt extends from New Zealand, northward through the 1527 

Southwest Pacific island group, New Guinea, Eastern Indonesia, the Philippine 1528 

Islands, the Japanese Islands, the Kuril Islands, Aleutian Islands, Southern Alaska, 1529 

Cascadia, the West Coast of United States, southward through Mexico, Central 1530 

America, along West Coast of South America, and ends in southern Chile. 1531 

About 17 % of the world’s massive earthquakes occur in the Alpine belt, the 1532 

second prominent belt. This belt emerges from the Atlantic, the Mediterranean, the 1533 

Himalayas, Sumatra, and ends in Java, Indonesia. The third important belt is located 1534 

along the submerged convergent plate margins, such as the Mid-Atlantic Ridge and 1535 

the East Pacific Rise. Outside these three belts, a small number of earthquakes are 1536 

spread in many regions around the world (Figure 8.1). 1537 
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 1538 

Figure 8.1. Distribution of earthquake around the globe 1539 
(http://ftp.isc.ac.uk/iscgem/overview.php). They occur mostly within narrow 1540 
zones of plate boundaries. 1541 
 1542 

To investigate the mechanism of landward velocity change, seismicity change 1543 

would provide important information. Uchida et al. (2016) found the accelerated 1544 

interplate creep rates observed as the cumulative slip of small repeating earthquakes 1545 

and inferred that the subducting slab beneath the Kanto area accelerated following 1546 

the 2011 Tohoku-oki earthquake. This would serve as a direct evidence for the 1547 

accelerated stab subduction.  1548 

The waveform data are indispensable to study such small repeating earthquakes. 1549 

They are not always available in the regions studied here. In Japan, the waveform 1550 

data are not complete for the period before 1993 because of insufficient dynamic 1551 

range of the observations and unstable recording systems. Moreover, the waveform 1552 

data are not available for the period within three days following the 2011 Tohoku-1553 

oki earthquake because of the system problems, e.g. electric power and telemetry 1554 

link failures by the earthquake (Uchida and Matsuzawa, 2013). 1555 

http://ftp.isc.ac.uk/iscgem/overview.php
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In this study I do not analyze the repeating earthquake but only studied the 1556 

increase of seismicity in two regions, Japan and Chile, where both GNSS and 1557 

seismometer stations were available. Here, I consider the earthquakes that occurred 1558 

in the same area indicates the rate in shear stress buildup in the plate boundary 1559 

region. The increased seismicity would possibly reflect the enhanced interplate 1560 

coupling. 1561 

I analyzed an earthquake catalog created by International Seismological Center 1562 

(ISC). The ISC Bulletin is a complete source of earthquake locations and magnitude 1563 

at the global scale, which accommodates raw data, hypocenter solutions, and other 1564 

earthquake data compiled by ~150 agencies worldwide. Until 2019, the ISC 1565 

Bulletin has included more than 7.6 million seismic events from any sources 1566 

including natural earthquakes, chemical and nuclear explosions, mine blasts, and 1567 

other kinds of events generating seismic waves.  1568 

It requires tremendous efforts to ensure seismic events at stations from various 1569 

agencies are generated from actual seismic events. Therefore, when the ISC 1570 

received data from stations recording a seismic event, several measures are taken. 1571 

At the beginning, the ISC collects and groups all parametric data into specific 1572 

seismic events. Once the event created, it can be accessed by anyone through the 1573 

online ISC bulletin. After that, the station readings and hypocenter solutions with 1574 

magnitude of more than 3.5 will be examined manually by ISC data analysis staffs. 1575 

If all conditions are met, the ISC will integrate all the existing phase arrival times 1576 

and amplitude measurements to recompute location and magnitude (currently only 1577 

surface wave magnitude MS and body wave magnitude mb).  1578 

Currently, 65 agencies in the ISC bulletin have reported in the past or are still 1579 

reporting the source mechanism solution to the ISC. Here, the word of “source 1580 
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mechanism” means a moment tensor solution of a pure double couple mechanism 1581 

at a point source. Besides, the ISC also has started to compute its focal mechanism 1582 

by using first motion polarities both from reports from various agencies and from 1583 

the data picked up automatically from waveform data. However, due to different 1584 

methods adopted by individual agencies, heterogeneity in the solutions of the 1585 

source mechanisms is inevitable. 1586 

In this study, I ignored the surface wave magnitude and the moment magnitude. 1587 

Instead, I used the earthquake list with the body wave magnitude mb because ISC 1588 

has been determining and reporting them since 1964 continuously. It was possible 1589 

to obtain necessary data for regions and times I analyzed the GNSS data in this 1590 

research.  1591 

 1592 

5.3 Seismicity declustering 1593 

I compare the seismicity in the segment showing enhanced coupling before and 1594 

after the earthquakes. Here, I used data from the International Seismological Centre 1595 

catalog (www.isc.ac.uk) with focal depths ≤ 60 km. Comparing seismicity in 1596 

different periods is quite challenging because the occurrences of major earthquakes 1597 

and their aftershocks often impact the seismicity pattern. I used the target events 1598 

with body wave magnitude (mb) larger than a threshold in the period from 1599 

2000/01/01 to 2017/12/1 and in the region 41.5° to 45°N, 143° to 149°E for the 1600 

Tohoku-oki case and 2000/01/01 to 2017/12/1 and in the region 33° to 27°S, 74° to 1601 

70°W for the Maule case (Figure 8.2 and 8.3). 1602 

Before doing further analysis, it is important to check the magnitude 1603 

completeness (Mc) of the earthquake catalog. By applying the method by Wiemer 1604 

and Wyss (2000), I plot the cumulative number of earthquakes versus magnitude to 1605 
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estimate Mc using ZMAP (https://github.com/CelsoReyes/zmap7). After applying 1606 

the method to the ISC catalog, I found Mc are 3.8 and 4.2 for the ISC catalog in the 1607 

Tohoku-oki and the Maule cases, respectively. Therefore, I used earthquakes with 1608 

mb ≥3.8, and ≥4.2 for declustering process for the two cases. I used 1813 and 2066 1609 

events for the two cases, respectively (Figure 8.2 and 8.3).  1610 

 1611 

 1612 

Figure 8.2. Seismicity in the near the Pacific coast region in the eastern 1613 
Hokkaido before (a, c) and after (b, d) applying the ETAS declustering. The 1614 
original 1,813 events decreased to 1,331 events by the declustering. The dashed 1615 
area indicates the period of the increase of background seismicity due to 1616 
unknown mechanisms. I excluded this period in the discussion. 1617 
 1618 

To compare seismicity changes by large earthquakes, I removed clustered 1619 

earthquakes such as swarms and aftershocks from the ISC catalog using a stochastic 1620 

declustering method developed by Zhuang et al. (2004). This method discriminates 1621 

seismicity into the background events and the triggered events based on an 1622 
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Epidemic-Type Aftershock Sequence (ETAS) model (Ogata, 1988). I used a 1623 

computer code for the space-time ETAS model and stochastic declustering from 1624 

http://bemlar.ism.ac.jp/zhuang/software. Parameters estimated from fitting the 1625 

ETAS models to the ISC catalog are listed in Table 8.1. After declustering process, 1626 

1,331 and 761 events remained as background events in the near east coast 1627 

Hokkaido and near the Pacific coast of central Chile (Figure 8.2 and 8.3), 1628 

respectively. I used these background events for further analyses. 1629 

 1630 

 1631 

Figure 8.3. Seismicity in the near Pacific coast of central Chile before (a, c) 1632 
and after (b, d) the application of the ETAS declustering. There are 2,066 events 1633 
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before declustering, and 761 events remained after declustering. 1634 
 1635 

Such a landward velocity change may increase the trench-normal shortening 1636 

rate and accelerate shear stress buildup at the plate boundary in the neighboring 1637 

segments of the megathrust ruptures. To confirm this, I compared seismicity before 1638 

and after the megathrust earthquakes in those segments (Figures 8.2, 8.3, 8.4). 1639 

Increased seismicity right after the 2011 Tohoku-oki in the Pacific coast of 1640 

eastern Hokkaido was difficult to confirm. This is due to the temporary increase of 1641 

seismicity that started a few years before the 2011 earthquake (region within dashed 1642 

square in Figure 8.2c, d). This increase is not due to aftershocks because significant 1643 

earthquakes did not occur in this period (Figure 8.2). This increase is considered an 1644 

artifact (K. Katsumata personal comm. on 2020/9/11) with possible origins 1645 

including the change in detection capability (Habermann, 1991), natural change in 1646 

background seismicity (background fluctuation), and the ETAS problem itself 1647 

(Lombardi et al., 2010). Here I shifted the periods before and after the 2011 1648 

earthquake to exclude this period in Figure 8.4c (shown as the grey region). This 1649 

let us see the increase in seismicity possibly caused by the enhanced coupling 1650 

associated with the 2011 Tohoku-oki earthquake (Figure 8.4c).  1651 

 1652 

Table 8.1. List of parameters for applying the ETAS models to the ISC catalog. 1653 

Area Event  
µ 

events/day 

A 

events/day 

C  

day 

α 

M-1 
p γ 

41.5-45N, 

143-149E  

The 2011 

Tohoku-oki 

0.97 0.14 0.02 1.77 1.07 0.85 
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33-27S, 

74-70W 

The 2010 

Maule  

0.96 0.50 0.02 1.31 1.11 0.70 

 1654 

Figure 8.4d shows the increase of seismicity from the two- and four-year 1655 

periods before and after the 2010 Maule earthquake, respectively, within the 1656 

rectangles shown in Figure 8.4b. There I show the number of earthquakes, and we 1657 

can see an increase in seismicity of ~10%, which is smaller than the rate of increase 1658 

in the landward velocity (~20% in CNBA, see Figure 3.8). In both the Japanese and 1659 

Chilean cases, the rates of the seismicity increases are not so high as those in the 1660 

rates of the increased landward velocities. 1661 

 1662 

Figure 8.4. The change of seismicity in the Pacific coast of eastern Hokkaido (a, c) 1663 
and near the Pacific coast of central Chile (b, d) associated with the 2011 Tohoku-1664 
oki and the 2010 Maule earthquakes, respectively. The vertical dashed lines (c, d) 1665 
indicate the earthquake occurrence times. I used the target in the period from 1666 
2006/06/12 to 2017/10/30 for the Tohoku-oki case and 2008/03/26 to 2015/08/26 1667 
for the Maule case. Gray zone (c) shows the period of the increase of background 1668 
seismicity due to unknown mechanisms. The red lines in (c) and (d) indicates the 1669 
best-fit lines for the seismicity rates before and after these earthquakes.  1670 
 1671 

  1672 
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Chapter 6: Conclusion  1673 

 1674 

The concept of the seismic cycle develops quite dynamically through time. It 1675 

began as a simple model with a constant strain accumulation and regular 1676 

recurrences of interplate earthquakes. Subsequently, space geodetic observations 1677 

revealed the existence of transient postseismic processes such as afterslip and 1678 

viscous relaxation as an additional component in this cycle. Past researches further 1679 

added a brand-new stage following a massive earthquake in a subduction zone. This 1680 

new stage is characterized by the accelerated interseismic stain buildup in segment 1681 

adjacent along-strike to the ruptured segments.  1682 

I compiled GNSS data showing increased landward velocities that occurred in 1683 

segments adjacent along-strike to six recent megathrust earthquakes in four 1684 

different subduction zones (Figure 1.5). The results presented here confirmed 1685 

previous studies for the 2003 Tokachi-oki (Heki and Mitsui, 2013), the 2010 Maule 1686 

(Melnick et al., 2017), and the 2014 Iquique (Hoffmann et al., 2018) earthquakes. I 1687 

also updated the case of the 2011 Tohoku-oki earthquake, studied briefly in Heki 1688 

and Mitsui (2013), using GNSS data over a longer time span. I found similar 1689 

landward increase of velocity signatures for three more earthquakes in Sumatra, 1690 

Chile, and Mexico subduction zones.  1691 

From the three cases, i.e. the 2003 Tokachi-oki, the 2011 Tohoku-oki and the 1692 

2010 Maule earthquakes, where multiple GNSS stations were available from 1693 

various distances from the faults, I studied spatial extents of the phenomenon. There 1694 

I found that the landward velocity change extends along-strike to distances 1695 

comparable to the ruptured fault length (400-500 km) from the fault center (i.e. 1696 
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extending by a half of the fault length beyond the fault edge) (Figure 4.1d). 1697 

Temporal decay was not clear suggesting much longer time constants of the 1698 

phenomenon than known postseismic processes such as afterslip and viscous 1699 

relaxation.  1700 

The velocity change showed a positive correlation with Mw and seems to scale 1701 

with the average slip. This is consistent with the hypothetical slab acceleration 1702 

model by Heki and Mitsui (2013) but does not rule out other possibilities. Such 1703 

increased landward velocity would enhance stress accumulation rate in adjacent 1704 

segments, encouraging future earthquakes in such segments, e.g. the eastern 1705 

Hokkaido. 1706 

In Chapter 5, I investigated the seismicity rate changes following the two largest 1707 

earthquakes showing the increased landward velocities. I used data from the ISC 1708 

bulletin and applied the ETAS declustering method to discriminate seismicity into 1709 

the background events and the triggered events. The background seismicity after 1710 

the 2011 Tohoku-oki in the Pacific coast of eastern Hokkaido increased from 17.1 1711 

± 0.5 events/year to 19.0 ± 0.1 events/year. In Chile, the background seismicity rate 1712 

increased from 19.8 ± 0.3 events/year to 21.8 ± 0.1 events/year after the 2010 Maule 1713 

earthquake. These results show a moderate increase in seismic activities. However, 1714 

the ratio of the increase to the original rate is not so high as those of the landward 1715 

velocity increases. 1716 

  1717 
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The contents of this thesis have been published in Tectonophysics: 1719 
 1720 
Yuzariyadi, M., and Heki, K., 2021. Enhancement of interplate coupling in 1721 
adjacent segments after recent megathrust earthquakes. Tectonophysics, 801, 1722 
228719. https://doi.org/10.1016/j.tecto.2021.228719.  1723 
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