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The slip behaviour of subduction faults and the viscoelastic rheology of Earth’s 

mantle govern crustal deformation throughout the subduction earthquake cycle. This 

Ph.D. dissertation presents research results on two topics: (1) coseismic and postseismic 

slip of the shallowest segment of subduction faults and (2) postseismic deformation 

following great subduction earthquakes controlled by mantle viscoelasticity. 

Topic 1: Slip behaviour of the shallowest subduction faults. By modelling high-

resolution cross-trench bathymetry surveys before and after the 2011 Mw 9.0 Tohoku-oki 

earthquake, we determine the magnitude and distribution of coseismic slip over the most 

near-trench 40 km of the Japan Trench megathrust. The inferred > 60 m average slip and 

a gentle increase by 5 m towards the trench over this distance indicate moderate degree of 

net coseismic weakening of the shallow fault. Using near-trench seafloor and sub-

seafloor fluid pressure variations as strain indicators in conjunction with land-based 

geodetic measurements, we determine coseismic-slip and afterslip distributions of the 

2012 Mw 7.6 Costa Rica earthquake. Here, trench-breaching slip similar to the Tohoku-

oki rupture did not occur during the earthquake, but afterslip extended to the trench axis 

and reached ~0.7 m over 1.3 years after the earthquake, exhibiting a velocity-

strengthening behaviour. These two contrasting examples bracket a possibly wide range 

of slip behaviour of the shallow megathrust. They help us understand why large tsunamis 

are generated by some but not all subduction earthquakes. 



 iv 

Topic 2: Postseismic deformation following great subduction earthquakes. Due to 

the asymmetry of megathrust rupture, with the upper plate undergoing greater coseismic 

tension than the incoming plate, viscoelastic stress relaxation causes the trench and land 

areas to move in opposite, opposing directions immediately after the earthquake. Seafloor 

geodetic measurements following the 2011 Tohoku-oki earthquake, modelled in this 

work, provided the first direct observational evidence for this effect. Systematic 

modelling studies in this work suggest that such viscoelastic opposing motion should be 

common to all Mw ≥ 8 subduction earthquakes. As the effect of viscoelastic relaxation 

decays with time and the effect of fault relocking becomes increasingly dominant, the 

dividing boundary of the opposing motion continues to migrate away from the rupture 

area. Comparative studies of ten 8 ≤ Mw ≤ 9.5 subduction earthquakes in this dissertation 

quantifies the primary role of earthquake size in controlling the “speed” of the evolution 

of this deformation. Larger earthquakes are followed by longer-lived opposing motion 

that affects a broader region of the upper plate. 
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Dedication 

 

This Ph.D. dissertation is dedicated to the victims of the March 11
th

, 2011 Mw 9.0 

Tohoku-oki earthquake and its tsunami and also victims of other great earthquakes.



 

 

Chapter 1. Introduction 

The 2004 moment magnitude (Mw) 9.2 Sumatra earthquake marked the beginning of 

a surge of great earthquakes worldwide [Lay et al., 2015]. The majority of these 

earthquakes are due to the rupture of subduction interface faults, referred to as 

megathrusts. Since 2004, twelve Mw ≥ 8 earthquakes of this type have occurred, some 

accompanied with devastating tsunamis, such as the 2004 Sumatra and the 2011 Mw 9.0 

Tohoku-oki earthquakes. These earthquakes and their tsunamis have taken hundreds of 

thousands of lives and caused severe property damage and economic disruptions. On the 

other hand, because of rapidly advancing observation technology, these earthquakes have 

also yielded a wealth of geophysical data [e.g., Bürgmann and Chadwell, 2014; 

Kanamori, 2014]. These data enable us to study the geodynamic processes responsible for 

these great earthquakes. Some of the new observations have led to paradigm-shifting 

findings that challenge conventional theories [Wang, 2013]. Improved understanding of 

the geodynamic processes will continue to help society assess seismic and tsunami 

hazards for the purpose of risk mitigation. 

Less than six months after the March 11
th

, 2011 Mw 9.0 Tohoku-oki earthquake and 

its tsunami, I started my graduate study in the School of Earth and Ocean Sciences, 

University of Victoria. This was the time when the global scientific community was just 

beginning to come to grips with the many scientific surprises presented by this 

devastating event. In the following year, I participated in the deep-sea drilling expedition 

JFAST (Japan Trench Fast Drilling Project), an international project designed to study 

why the shallowest portion of the Japan Trench megathrust underwent very large slip 

during the Mw 9.0 earthquake to generate the huge tsunami. In the meantime, colleagues 

at the Japan Coast Guard and Tohoku University had been frequently revisiting several 

seafloor geodetic stations not far from our drilling site to monitor postseismic 

deformation. Their measurements soon provided breathtaking yet intriguing data that 



 

 

2 

show motion in opposing directions between the trench and land areas. With this 

background, the slip behaviour of the shallowest portion of the megathrust and 

postseismic deformation controlled by Earth rheology became the two primary topics of 

my Ph.D. research. 

With regard to the shallow fault behaviour, whether, how much, and why the 

shallowest part of a megathrust slips during an earthquake are key questions to address in 

understanding rupture propagation and tsunami generation. However, compared to the 

deeper part of the subduction fault which is closer to onshore monitoring networks, the 

behaviour of the shallow megathrust is poorly observed and understood, due to the lack 

of offshore near-trench deformation observations. This situation has been improved by 

observations for the 2011 Tohoku-oki and 2012 Mw 7.6 Costa Rica earthquakes. The two 

events exhibited contrasting slip behaviour: Large slip breached the trench during the 

Tohoku-oki earthquake at the seismic slip rate, but slip extended to the trench only after 

the Costa Rica earthquake with much lower slip rates. In my Ph.D. study, using high-

resolution bathymetry measurements before and after the Tohoku-oki earthquake across 

the trench, I determined the magnitude and distribution of the coseismic slip of the 

shallow megathrust in the main rupture area. Using seafloor and sub-seafloor fluid 

pressure measurements at two closely located sites at the trench as strain indicators 

during and after the Costa Rica earthquake, I studied the postseismic slip of the 

shallowest megathrust updip of the rupture area. The results of studying these end-

member slip behaviours contribute to our understanding of fault mechanics and tsunami 

generation. 

With regard to the postseismic crustal deformation, how the deformation evolves 

with time and how the evolution is controlled by the viscoelastic Earth rheology, 

continuing slip of different parts of the fault after the earthquake, and the relocking of the 

fault are important questions. Addressing these questions allows us to put the study of 

subduction fault behaviour (the first topic discussed above) in proper geodynamic 

context. It also allows us to understand the very different deformation patterns presently 

observed at different subduction margins in terms of a common geodynamic process. 

Using seafloor geodetic observations following the Tohoku-oki earthquake, I studied the 
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contribution of mantle viscoelasticity right after the rupture, with a focus on explaining 

the postseismic motion in opposing directions in the near-trench area. By conducting 

systematic modelling tests, I studied how this short-term (months to years) opposing 

motion is affected by various rheological and structural factors, and showed that it is a 

common feature for megathrust earthquakes. By conducting a comparative study of 

postseismic deformation of ten great (Mw ≥ 8) subduction earthquakes, I studied why the 

evolution of deformation governed by a common geodynamic process takes place at very 

different rates after earthquakes of different sizes, with more prolonged postseismic 

deformation following larger earthquakes. The results presented in this dissertation offer 

a rather complete synthesis of geodetically constrained postseismic deformation of Mw ≥ 

8 earthquakes, and they shall provide guidance for making future observations. 

Besides the Introduction (Chapter 1) and Conclusions (Chapter 7), this dissertation 

consists of five standalone scientific journal papers that are either already published or 

nearly ready for submission. The author of the dissertation is the lead author for all these 

papers. Each paper forms a chapter of the dissertation. Chapters 2 and 3 address the topic 

of the shallow megathrust behaviour, and the other three chapters address the topic of 

postseismic deformation. Chapter 2 is a paper published in Nature Communications in 

2017 on the coseismic trench-breaching slip during the Tohoku-oki earthquake. Chapter 3 

is a manuscript in preparation on the trench-breaching afterslip following the Costa Rica 

earthquake. Chapter 4 is a paper published in Nature in 2014 on the short-term (months to 

years) postseismic deformation following the 2011 Tohoku-oki earthquake. Chapter 5 is a 

paper published in Journal of Geophysical Research in 2015 which built on the results of 

Chapter 4 to present a systematic examination of the influences of various rheological 

and structural factors on short-term postseismic deformation. Chapter 6 is a manuscript in 

preparation which greatly expands the materials of Chapters 4 and 5 and systematically 

studies ten subduction earthquakes worldwide to investigate the effects of earthquake size 

and other factors on the duration of postseismic deformation. References cited in all the 

five papers (chapters) are given together at the end of the dissertation.  

Some of the five papers have multiple co-authors from various institutions, because 

much of this dissertation is the result of international scientific collaboration. Researchers 
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at the Japan Agency for Marine-Earth Science and Technology collected and processed 

the high-resolution bathymetry data for the work in Chapter 2. Researchers at the Tohoku 

University conducted seafloor geodetic surveys and provided the data for the most critical 

site used in Chapter 4, although many of the seafloor geodetic data published by the 

Japan Coast Guard were also used in this chapter. 
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Chapter 2. Shallow Rupture During the 2011 Tohoku-oki 

Earthquake 

This chapter is the first of the two chapters addressing the kinematics and mechanics 

of the shallowest part of subduction faults.  The main body of this chapter consists of a 

published journal article [Sun et al., 2017] on using near-trench deformation observations 

to constrain the rupture behaviour of the shallowest portion of the subduction fault during 

the 2011 Tohoku-oki earthquake. Section 2.1 describes basic article information. Section 

2.2 presents the article itself. Supplementary material that accompanied the published 

article is presented as section 2.3. 

 

2.1. Article Information 

2.1.1. Author and Coauthor Contributions 

Section 2.2 consists of an article published in journal Nature Communications but 

reformatted for the dissertation. The author of this dissertation T.S. carried out most of 

the deformation modelling of this study. Coauthor K.W. and T.S. jointly designed the 

study and did most of the writing. Coauthors T.F. and S.K. contributed to the collection 

and processing of the high-resolution bathymetry data used in the study. Coauthor J.H. 

developed the computer code used for, and participated in, the deformation modelling. 

 

2.1.2. Citation 

Sun, T., K. Wang, T. Fujiwara, S. Kodaira, and J. He (2017), Large fault slip peaking at 

trench in the 2011 Tohoku-oki earthquake, Nature Communications, 8, 14044, 

doi:10.1038/ncomms14044. 
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2.1.3. Author’s Names and Affiliations 

Tianhaozhe Sun
1
, Kelin Wang

1,2*
, Toshiya Fujiwara

3
, Shuichi Kodaira

4
, Jiangheng He

2 

1
 School of Earth and Ocean Sciences, University of Victoria, Victoria, British Columbia, 

Canada V8P 5C2 

2
 Pacific Geoscience Centre, Geological Survey of Canada, Natural Resources Canada, 

9860West Saanich Road, Sidney, British Columbia, Canada V8L 4B2 

3
 R&D Center for Earthquake and Tsunami (CEAT), Japan Agency for Marine-Earth 

Science and Technology (JAMSTEC), Natsushima-cho 2-15, Yokosuka 237-0061, 

Japan 

4
 R&D CEAT, JAMSTEC, Showamachi 3173-25, Kanazawa-ku, Yokohama 236-0001, 

Japan 

*
 Corresponding author: kelin.wang@canada.ca 

 

2.1.4. Article Format 

The text and figures included in Section 2.2 are taken directly from the Nature 

Communications article. Articles published in this journal all have a standard but special 

structure in which the Results section directly follows the Introduction section, with 

Methods described after Discussion. The supplementary material for the article is given 

in Section 2.3. Sections, figures, and tables in the original article have been renumbered 

to be compatible with the chapter format of the dissertation. References cited in the 

article are included in the bibliography of this dissertation. 

 

2.2. Large Fault Slip Peaking at Trench in the 2011 Tohoku-oki Earthquake 

2.2.1. Abstract 

During the 2011 magnitude 9 Tohoku-oki earthquake, very large slip occurred on the 

shallowest part of the subduction megathrust. Quantitative information on the shallow 

slip is of critical importance to distinguishing between different rupture mechanics and 

understanding the generation of the ensuing devastating tsunami. However, the 

magnitude and distribution of the shallow slip are essentially unknown due primarily to 
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the lack of near-trench constraints, as demonstrated by a compilation of 45 rupture 

models derived from a large range of data sets. To quantify the shallow slip, here we 

model high-resolution bathymetry differences before and after the earthquake across the 

trench axis. The slip is determined to be about 62 m over the most near-trench 40 km of 

the fault with a gentle increase towards the trench. This slip distribution indicates that 

dramatic net weakening or strengthening of the shallow fault did not occur during the 

Tohoku-oki earthquake. 

 

2.2.2. Introduction 

The occurrence of very large slip on the shallowest part of the megathrust during the 

2011 moment magnitude (Mw) 9.0 Tohoku-oki earthquake [Fujiwara et al., 2011; Kodaira 

et al., 2012] is considered to be of paradigm-shifting importance in understanding 

tsunami generation and rupture mechanics [Wang, 2013]. Clear definition of the actual 

near-trench slip during the earthquake is critically needed for distinguishing between 

different trench-breaching slip scenarios that reflect fundamentally different fault 

mechanics [Wang and Kinoshita, 2013]. If the most near-trench segment of the 

megathrust is not only an integral part of the seismogenic zone but also underwent the 

greatest stress drop (coseismic weakening), the resultant slip distribution should feature a 

large increase towards the trench. If the shallow segment strengthens with increasing slip 

rate (velocity-strengthening) but is unable to fully resist a large rupture propagated from 

the deeper seismogenic zone [Wang and Hu, 2006], the resultant slip distribution should 

feature a distinct decrease towards the trench. If the shallow megathrust exhibits velocity 

strengthening to resist slip at low slip rates but weakens to facilitate slip once a 

sufficiently high slip rate (~1 m s
-1

) is attained, a phenomenon known as dynamic 

weakening [Noda and Lapusta, 2013; Di Toro et al., 2011], the slip distribution may 

feature neither large increase nor large decrease towards the trench. All proposed models 

remain untested until we know the actual shallow slip. 

However, despite the Tohoku-oki earthquake being by far the best instrumentally 

recorded subduction earthquake, the actual magnitude and distribution of the slip on the 



 

 

8 

shallow megathrust are essentially unknown. A compilation of 45 published slip models, 

including those constrained by seafloor geodetic [Sato et al., 2011; Kido et al., 2011] and 

tsunami wave data [Saito et al., 2011; Satake et al., 2013] (Tables 2.1 and 2.2), shows 

vastly different slip patterns in the most trenchward 100 km of the fault (Figure 2.1 and 

Figure 2.9). The differences are due partly to various simplifications in inverting 

coseismic observations to determine fault slip. For example, many of the finite fault 

models, especially those used for inverting tsunami data, assume a planar fault and/or 

consist of rather large subfaults of rectangular shape [Brown et al., 2015]. Depending on 

how fault slip is constrained at the trench, the peak slip determined by the inversion may 

be located at the trench or some distance away from the trench. However, the primary 

reason for the poor state of knowledge is the lack of near-field observations of horizontal 

seafloor displacements: all seafloor global positioning system (GPS) measurements were 

made more than 50 km away from the trench [Sato et al., 2011; Kido et al., 2011]. 

Displacement observations nearest to the trench are the differential bathymetry 

measured before and after the Tohoku-oki earthquake by Japan Agency for Marine-Earth 

Science and Technology [Fujiwara et al., 2011], which were not used by any of the 45 

slip models in Figure 2.1. By modelling these data using a finite-element deformation 

model, we are able to estimate the near-trench slip distribution along the main corridor 

(Figure 2.1, inset). The inferred slip is of a very large average value (> 60 m) for the most 

seaward 40 km of the fault but with only a very small increase (~5 m) over this distance, 

indicating neither large net weakening nor large net strengthening of this fault segment 

during the earthquake. 

 

2.2.3. Results 

Differential bathymetry before and after the earthquake 

During the earthquake, seafloors on the two sides of the trench moved in opposite 

directions, with the motion of the landward side much larger than that of the seaward side 

[Sun and Wang, 2015]. For each point of the seafloor with fixed geographic coordinates 

(longitude and latitude), water depth is changed because of the motion and deformation 
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of the sloping seafloor. The differential bathymetry is this change in water depth (Figure 

2.2). 

 

 

 

Figure 2.1. Compilation of 45 published slip models along a central corridor through the 

main rupture area. The white band in inset shows the corridor. Each curve is labelled with 

its model number as in Tables 2.1 and 2.2. Solid and dashed lines show models with and 

without, respectively, using seafloor GPS data as constraints. The subset of models that 

used tsunami data shows similar scatter of results near the trench (see Figure 2.9). In 

inset, red outline shows the 2-m contour of coseismic slip of the 2011 Mw Tohoku-oki 

earthquake from Wang and Bilek [2014], and star shows the epicentre. The two 

differential bathymetry tracks studied in this work are outlined in black. Track MY102 

along the central corridor is the main focus of this study. Track MY101, ~50 km to the 

north, is discussed in Discussion. GJT3 is a nearby seafloor GPS site [Kido et al., 2011], 

and TJT1 is a nearby ocean bottom pressure (OBP) gauge site [Ito et al., 2011]. Red 

triangle shows the JFAST drilling location [Chester et al., 2013] where samples of the 

subduction fault zone were retrieved. 
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A SeaBeam 2112 multibeam sonar system with a frequency of 12 kHz and a beam 

width of 2° × 2° was used to collect bathymetry data along track MY102 (Figure 2.1, 

inset) in 1999, 2004 and in 2011 about 10 days after the earthquake [Fujiwara et al., 

2011]. Using the seaward side of the track as the reference, Fujiwara et al. [2011] derived 

differential bathymetry of the landward side (Figure 2.3d), hereafter referred to as the 

observed differential bathymetry (ODB). In deriving the ODB, only the inner beam 

soundings within a 45° swath width among the total available 120° swath width were 

used, because uncertainties in water sound speed affect the inner beam to a lesser degree 

than the outer beam. By cross correlating the bathymetries before and after the 

earthquake, Fujiwara et al. [2011] estimated about 50 m horizontal and 10 m vertical 

motion of the landward side relative to the seaward side. This rough estimate did not 

invoke deformation modelling. 

 

 

Figure 2.2. Cartoon illustration of the generation of differential bathymetry by a trench-

breaching subduction earthquake. Solid and dashed lines show the bathymetry before and 

after the earthquake, respectively. While coseismic deformation is of long wavelength, 

local seafloor slope variations can lead to coherent short-wavelength features of 

bathymetry decrease or increase. 

 

In this work, we model the 1999–2011 bathymetry differences for track MY102 

reported by Fujiwara et al. [2011] and quantitatively determine the near-trench slip in the 

main rupture area of the Tohoku-oki earthquake. The 2004 bathymetry data are not 
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modelled except for testing purpose. The very short length of the seaward portion of the 

2004 survey corridor, being only 1/5 of the 1999 survey, causes great difficulty in using it 

as the reference for ODB. Therefore the ODB based on the 2004 data is considered less 

reliable. Because seafloor displacement between 1999 and 2004 is expected to be very 

small, if not negligible, bathymetry differences between 1999 and 2004 provide an error 

estimate for ODB. The error thus estimated by Fujiwara et al. [2011] in terms of inferred 

total horizontal seafloor displacement is about 20 m, or about 10 m if resolved to the 

trench normal direction. This error to a large part is due to the inadequate length of the 

seaward section of the 2004 data. When applied to the 1999–2011 ODB, the actual error 

should be much less but difficult to quantify. Nonetheless, we do not expect the 1999–

2011 error in the trench-normal direction to be much larger than 5 m. Bathymetry data for 

track MY101 (Figure 2.1, inset) [Kodaira et al., 2012], with poorer quality than the 

MY102 data, will be discussed in Section 2.2.4. 

Because the pre-event bathymetry data were collected 12 years before the Tohoku-

oki earthquake and the post-event data were collected 10 days after, there is a question to 

what degree the deformation reflected in the ODB is truly coseismic. We think it is 

extremely unlikely that a large part of the 1999–2011 ODB could be due to fault creep 

before the earthquake. To produce tens of metres of coseismic slip, the shallow 

megathrust must have accumulated sufficient slip deficit prior to the 2011 earthquake, 

due to either actual fault locking by itself or the stress-shadowing effect of a locked patch 

immediately downdip. Large afterslip of the shallow megathrust in this area during the 10 

days after the earthquake is also extremely unlikely, given the absence of interplate 

aftershocks along the main rupture zone which underwent large stress drop [Nakamura et 

al., 2016]. Modelling of post-seismic seafloor GPS measurements does not indicate 

afterslip in this area, although it does suggest large near-trench afterslip to the south of 

the main rupture zone [Sun and Wang, 2015]. 

 

Synthetic differential bathymetry from deformation modelling 

We use a three-dimensional elastic finite element model that includes actual fault 
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geometry and long-wavelength bathymetry (Figure 2.10). We add the model-predicted 

three-component coseismic displacements to the pre-earthquake bathymetry to produce 

synthetic differential bathymetry (SDB), in the manner illustrated in Figure 2.2. This 

model allows us to study the role of internal deformation of the upper plate as well as its 

rigid-body translation along the megathrust in generating the ODB. For example, a 

trenchward decrease in slip causes horizontal shortening and enhances seafloor uplift, and 

vice versa. We have tested hundreds of SDB models. Those subsequently discussed in 

this article are summarized in Table 2.3. 

The SDB models for this small area are essentially two-dimensional, for lack of 

adequate constraints on along-strike variations of near-trench slip. For modelling 

convenience, we assign the same slip distribution over a wide along-strike range (> 400 

km) that is much wider than the actual rupture area of the Tohoku-oki earthquake. 

Because the studied near-trench fault segment is quite shallow (< 10 km below sea 

surface), seafloor displacement is sensitive mainly to the fault slip right beneath the track 

and very insensitive to assigned slip more than 20 km away to the north and south. 

We determine three parameters by comparing our SDB models with the ODB. The 

first two parameters are the average slip and the slip gradient over the most near-trench 

40 km of the megathrust. The third parameter, a depth adjustment to the SDB of the 

landward side, is to account for a remnant depth bias in the acoustically derived ODB. 

Although temporal and spatial variations in water temperature, especially at shallow 

depths (< 2,000 m below sea surface), have been accounted for in deriving sound speed 

structure of ocean water for ODB determination, remaining uncertainties still lead to 

some remnant depth bias in the bathymetry data, even after maximizing cross correlations 

of the seaward (reference) side of different surveys. This is reflected in the ratio of the 

vertical to horizontal motion (~10 to 50 m) of the landward-side seafloor relative to the 

seaward side estimated by Fujiwara et al. [2011]. This ratio would require a fault dip > 

10° near the trench that is much higher than the actual dip of ~5°. 
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Figure 2.3. The optimal SDB model along the central corridor. The location of the 

corridor is shown in Figure 2.1 inset. (a) Fault slip distribution over the most seaward 40 

km. (b) Residue between the SDB (c) and 1999–2011 ODB (d). (c) SDB produced using 

the slip distribution shown in Figure 2.3a. (d) 1999–2011 ODB. (e) Bathymetry acquired 

in 1999. The deep sea terrace segment (< 3,500 m; shadowed in Figures 2.3b–e) has large 

uncertainties in water sound speed and the interpreted seafloor depth. Possible submarine 

landslides at the trench axis are not modelled in the SDB. Therefore, these segments as 

well as that seaward of the trench are not included for calculating the r.m.s.d. (f) Seismic 

reflection section along the same track [Kodaira et al., 2012]. Thick dashed line shows 

the megathrust fault. 
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Optimal slip model along the main track 

We search the model space defined by the three parameters described above to find 

the optimal SDB (Figure 2.3c) that best matches the 1999–2011 ODB (Figure 2.3d) and 

hence minimizes the root mean square deviation (r.m.s.d.) from the ODB (Figure 2.4). 

We have also done the search by minimizing the mean absolute deviation of SDB from 

ODB and obtained the same results as with the r.m.s.d. Incoherent short-wavelength 

fluctuations in the ODB associated with sea and seafloor conditions, stability of the 

acoustic and navigation systems, and errors in local water temperature and salinity 

profiles [Fujiwara et al., 2011] are not minimized, and are partly responsible for the 

relatively large r.m.s.d. For our study, the useful information is from long-wavelength 

coseismic deformation and coherent short-wavelength differential bathymetry due to 

topographic shift as shown in Figure 2.2. The useful information is reflected in the 

r.m.s.d. differences between different models that are based on the same data set. 

The optimal model for the main corridor (Figure 2.3) requires an average fault slip of 

~62 m in the most seaward 40 km of the megathrust with the slip increasing towards the 

trench by 5 m over this distance. The resultant bathymetry change is due to a combination 

of the updip motion of the overriding plate along the megathrust, seaward motion of the 

sloping seafloor and internal deformation of the upper plate. On the background of an 

overall uplift, coherent short-wavelength uplift and subsidence features are generated by 

local seafloor slope variations (Figure 2.2), such as at the slope break between the deep 

sea terrace and the upper slope (Figure 2.3e,f). Some of the differences between the 

optimal SDB and the ODB, especially in the amplitude of the short-wavelength features 

near the trench, may be due to inelastic deformation during or shortly after the earthquake 

[Tsuji et al., 2013] that are not modelled in this work. They also contribute to the 

relatively large r.m.s. In addition, for comparison, the optimal SDB based on the less 

reliable 2004–2011 ODB is shown in Figure 2.11. 
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Figure 2.4. Search for optimal SDB in the parameter space for the central corridor. (a) 

R.m.s.d.’s of SDB models as a function of average slip and depth adjustment. Slip 

gradient is fixed at the optimal value (5 m increase over 40 km) for all the models. Stars 

represent the best models (lowest r.m.s.d.’s) given slip value. The maximum r.m.s.d. is 

12.5 m (for 40-m slip and 0-m depth adjustment), but the colour scale saturates at 8.9 m. 

(b) Ratio of average vertical to horizontal motion (Uz/Ux) of the seafloor as a function of 

slip magnitude and depth adjustment. Each star-triangle pair represents one model, with 

the star being the same as in Figure 2.4a (same r.m.s.d. colour scale) and the triangle 

showing the corresponding arctangent value of (Uz/Ux). The tan
-1

(Uz/Ux) of the optimal 

SDB agrees with the interpretation of the ODB (~10.125°) through cross correlation 

[Fujiwara et al., 2011]. In both panels, the orange dashed circle marks the optimal SDB 

model shown in Figure 2.3. 

 

 

In deriving the SDB, there is a trade-off between the average slip and the depth 

adjustment, as shown in Figure 2.4 where the slip gradient is fixed at the optimal value of 

5 m over the most seaward 40 km. For example, a model with a near-trench slip of ~90 m 

but with no depth adjustment can also produce ~10–20 m water depth decrease as in the 

ODB, but the resultant seafloor displacement poorly explains short-wavelength features 

in the ODB and results in a larger r.m.s.d. (Figure 2.12). The 5 m adjustment for the 

remnant depth bias required by the optimal average slip of 62 m accounts for the 

problematic fault dip (> 10°) mentioned above (Figure 2.4b). 
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Slip gradient 

The frictional behaviour of the shallow megathrust during the earthquake is reflected 

not only in the magnitude of the slip but also in how the slip changes towards the trench. 

The sensitivity of SDB models to the slip gradient is illustrated by Figure 2.5, where the 

average slip is fixed at the optimal 62 m. These tests indicate that the SDB is not very 

sensitive to small changes in the slip gradient, such that assuming 0 or 10 m increase 

(over 40 km) will not produce a very different SDB from using the optimal value of 5 m. 

However, using the SDB results, we can confidently reject some larger slip gradient 

values that are more diagnostic in reflecting fault frictional behaviour. For example, 

increasing (Figure 2.6) or decreasing (Figure 2.7) the gradient by 20 m from the optimal 

value of 5 m over the most seaward 40 km obviously degrades the SDB’s fit to the long-

wavelength ODB. In other words, to explain the ODB in the main rupture area, the 

required coseismic slip exhibits neither large increase nor large decrease towards the 

trench. 

 

 

Figure 2.5. Sensitivity of SDB to slip gradient for the central corridor in terms of 

increase over the most near-trench 40 km. Trenchward increase (as in Figure 2.3a) is 

positive. Average slip is fixed at the optimal value of 62 m; the optimal depth adjustment 

varies with the slip gradient (not displayed). Note that “Fig. 3”, “Fig. 6”, and “Fig. 7” 

refer to the figure numbering in the published article. For this dissertation, they should be 

interpreted as “Figure 2.3”, “Figure 2.6”, and “Figure 2.7”.  
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Figure 2.6. Testing SDB model for the central corridor with large trenchward increase in 

fault slip. Otherwise the figure is similar to Figure 2.3. (a) Fault slip distribution over the 

most seaward 40 km. (b) Residue between the SDB (c) and 1999–2011 ODB (d) showing 

overestimate of differential bathymetry near the trench but underestimate away from the 

trench. (c) SDB produced using the slip distribution shown in Figure 2.6a and optimal 

depth adjustment 6.0 m. (d) 1999–2011 ODB. 
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Figure 2.7. Testing SDB model for the central corridor with large trenchward decrease in 

fault slip. Otherwise the figure is similar to Figure 2.3. (a) Fault slip distribution over the 

most seaward 40 km. (b) Residue between the SDB (c) and 1999–2011 ODB (d) showing 

underestimate of differential bathymetry near the trench but overestimate away from the 

trench. (c) SDB produced using the slip distribution shown in Figure 2.7a and optimal 

depth adjustment 4.0 m. (d) 1999–2011 ODB. 
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2.2.4. Discussion 

The large (> 60 m) slip with a gentle updip increase (~5 m) on the shallow 

megathrust shows a pattern different from nearly all the published rupture models in the 

main rupture area (Figure 2.8a). Uncertainties in this slip distribution are reflected in the 

sensitivity plots of Figures 2.4 and 2.5. This result allows us to narrow the range of 

possible slip behaviour scenarios as outlined in the opening paragraph. On the basis of 

the results shown in Figure 2.6, we can reject the scenario that the shallowest megathrust 

underwent greater coseismic weakening than the deeper part, which would cause a large 

slip increase towards the trench and extreme stress drop on the shallowest megathrust 

(green curve in Figure 2.8b). On the basis of the results shown in Figure 2.7, we can also 

reject the scenario that the shallow megathrust persistently exhibited velocity 

strengthening during the rupture process, which would lead to slip decrease towards the 

trench and stress increase on the shallowest megathrust (red curve in Figure 2.8b). 

The optimal slip distribution (Figure 2.3a) suggests that the shallowest segment of 

the megathrust along the central corridor must have weakened to a degree similar to the 

deeper epicentral area. This can be accomplished in two ways: (1) the shallowest segment 

shares the same frictional behaviour as the deeper seismogenic zone (blue curve 1 in 

Figure 2.8b), or (2) the shallow segment exhibits velocity strengthening in the early phase 

of the rupture but dynamically weakens only when the slip accelerates to an adequately 

high rate (> 1 m s
-1

) [Noda and Lapusta, 2013] (blue curve 2 in Figure 2.8b). 

Based on the information from drill core samples retrieved during the JFAST 

expedition from the shallowest part of the fault zone 7 km landward of the trench axis 

(Figure 1) [Chester et al., 2013], the scenario represented by blue curve 2 in Figure 2.8b 

is more likely. The core samples show both distributed (pervasive scaly fabrics) and 

localized (millimetre-scale slip zones) shear deformation within the plate boundary fault 

zone [Chester et al., 2013; Kirkpatrick et al., 2015]. Co-existence of structures reflecting 

distinctly different modes of deformation is understood to imply rate-dependent frictional 

behaviour: the distributed deformation suggests low-rate velocity strengthening, while the 
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localized slip zones may suggest high-rate (> 1 m s
-1

) dynamic weakening [Kirkpatrick et 

al., 2015]. The rate-dependent behaviour is observed also in laboratory friction 

experiments on these core samples [Ikari et al., 2015; Ujiie et al., 2013]. 

 

 

Figure 2.8. Illustrations of different mechanical behaviours of the shallow fault and their 

resultant slip distributions along the main corridor rejected and supported by SDB 

modelling. (a) Comparison between the optimal shallow fault slip of this work (blue line) 

and the 45 published slip models shown in Figure 2.1 (grey lines). The error range (blue 

shading) is based on models with r.m.s.d.’s < 8.55 m (Figure 2.4a). Dotted part of the 

blue line is a hand-drawn, poorly constrained smooth connection between the near-trench 

slip determined in this work and the slip further downdip based on an average of the 45 

slip models. Slip scenarios represented by the green and red lines are not supported by the 

SDB analysis. (b) Schematic illustration of stress evolution of the shallowest fault 

segment. Red, green and the two blue curves represent mechanically different shallow 

fault behaviours, corresponding to lines of same colours in Figure 2.8a. Blue curve 2 

represents a more likely scenario in which delayed dynamic weakening [Noda and 

Lapusta, 2013; Smith et al., 2015] of the shallow fault occurred during the earthquake. (c) 

Similar to Figure 2.8b but for the deeper seismogenic zone. 

 

 

 

The ODB studied in this work allows us to determine shallow coseismic slip of the 

Tohoku-oki earthquake only in the main rupture area (Figure 2.8a). The slip must have 
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varied along the Japan Trench as controlled by heterogeneous fault properties and stress 

conditions. For example, SDB modelling for bathymetry track MY101 (near 38.6° N), 

about 50 km north of our central corridor (Figure 2.1, inset), shows a smaller average 

value (~40 m) but a larger increase (20 m) of slip to the trench, suggesting a higher 

degree of coseismic weakening of the shallow fault (Figure 2.13). The SDB results from 

both the central and northern tracks, together with the coseismic displacements recorded 

at nearby seafloor geodetic stations [Sato et al., 2011; Kido et al., 2011; Ito et al., 2011] 

can provide a much improved view of the trench-breaching slip of the Tohoku-oki 

earthquake as demonstrated by the slip distribution shown in Supplementary Figure 2.6, 

which is obtained by hand-extrapolating the results shown in Figures 2.3a and 2.13a. 

 

2.2.5. Methods 

Deformation model 

We used the spherical-Earth finite-element code PGCviscl-3D developed by one of 

us (J.H.). The code uses 27-node isoparametric elements throughout the model domain. 

The effect of gravitation is incorporated using the stress-advection approach [Peltier et 

al., 1981]. Coseismic rupture is simulated using the split-node method [Melosh and 

Raefsky, 1981]. The code has been extensively benchmarked against analytical 

deformation solutions [Okada, 1985] and was applied to many subduction zone 

earthquake cycle modelling studies [Wang et al., 2012; Sun et al., 2014]. For modelling 

the coseismic deformation, the entire model domain is an elastic body. Other computer 

codes that can model elastic deformation, fault dislocation, and realistic fault and surface 

geometry will also suffice, although details of the model results could slightly differ if a 

Cartesian (as opposed to spherical) coordinate system is used and/or the effect of gravity 

is ignored or simulated in a different way. It can be readily shown that given the slip 

distribution, the effect of spatial variations in rock mechanical properties on affecting 

elastic coseismic deformation directly above the thrust fault is negligibly small, although 

the effect can be larger for deformation farther away or if stress drop instead of slip 

distribution is prescribed to the fault. Therefore, we use uniform values for the rigidity 
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(40 GPa), Poisson’s ratio (0.25), and rock density (3,300 kg m
-3

). We build a very large 

finite element mesh for the Japan Trench subduction zone to minimize the effect of the 

fixed lateral and bottom boundaries. The lateral boundaries are more than 1,000 km away 

from the rupture area, and the bottom boundary is set at 2,000 km depth (Figure 2.10). 

Subduction fault geometry is the same as in Sun et al. [2014] and is constrained by 

earthquake relocation results and seismic reflection profiles [Nakajima and Hasegawa, 

2006; Kita et al., 2010; Zhao et al., 2009], except that we have fine-tuned the dip of the 

shallowest part of the megathrust to 5° in accordance with the seismic imaging results in 

Kodaira et al. [2012]. 
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2.3. Supplementary Material 

 

 

Figure 2.9. Published rupture models of the Tohoku-oki earthquake that included 

tsunami data as constraints. Each curve is labelled with its model number as in Tables 3.1 

and 3.2. This is a subset of the models shown in Figure 2.1. The use of tsunami data in 

some of the recent models helped improve near-trench resolution of slip models such as 

models 26 and 35, but not in all the recent models. 
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Figure 2.10. Finite element mesh used in this work for modelling coseismic deformation 

of the Tohoku-oki earthquake. Inset: cross-section view of the mesh along the central 

corridor for SDB calculation. 
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Figure 2.11. Optimal SDB model for the central corridor using 2004–2011 ODB. (a) 

Fault slip distribution over the most seaward 40 km. (b) Residue between the SDB and 

2004–2011 ODB. (c) SDB produced using the slip distribution shown in (a). (d) 2004–

2011 ODB. The limited coverage seaward of the trench renders the ODB image much 

less reliable than the 1999–2011 image (Figure 2.3d). (e) Bathymetry acquired in 2004. 
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Figure 2.12. SDB model for the central corridor with an average fault slip of 90 m and 

zero optimal depth adjustment. Otherwise the figure is similar to Figure 2.3. (a) Fault slip 

distribution over the most seaward 40 km. (b) Residue between the SDB and 1999–2011 

ODB. (c) SDB produced using the slip distribution shown in (a). (d) 1999–2011 ODB. (e) 

Bathymetry acquired in 1999. The zoom-in area in (c) and (d) shows that the SDB 

incorrectly predicts a wider area of local bathymetry decrease than in the ODB. 
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Figure 2.13. Optimal SDB model along bathymetry track MY101 about 50 km north of 

the central corridor. Otherwise the figure is similar to Figure 2.3. (a) Fault slip 

distribution. (b) Residue between the SDB and ODB. (c) SDB produced using the slip 

distribution shown in (a). (d) ODB from data collected in 1999 and May 2011. (e) 

Bathymetry acquired in 1999. 
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Figure 2.14. A slip distribution of the Tohoku-oki earthquake that can satisfy differential 

bathymetry and is also compatible with other geodetic data. (a) Broad-scale view of the 

model slip distribution (in metres) and model-predicted horizontal displacements in 

comparison with land-based [Ozawa et al., 2012] and seafloor [Sato et al., 2011; Kido et 

al., 2011] GPS measurements. (b) Enlarged view of the main rupture area (dashed box in 

(a)) with the two bathymetry tracks shown. (c) View of the main rupture area showing 

model-predicted uplift in comparison with coseismic uplift inferred from seafloor GPS 

[Sato et al., 2011; Kido et al., 2011] or OBP [Ito et al., 2011] data. The slip model shown 

in this figure represents an earthquake of MW=9.02 if rigidity is assumed to be 40 GPa. 

The slip distribution is not obtained by inversion but is based on hand-extrapolating the 

slip distribution shown in Figure 2.3a and Figure 3.5a. The forward modelling of surface 

displacements is done with the same mesh as shown in Figure 3.2. The purpose is not to 

fit all the geodetic data, but to show that the magnitude of seafloor displacements is 

consistent with most data, especially the ODB data at site TJT1. A more complete 

understanding of the heterogeneous shallow slip distribution would require more near-

trench observations. 
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Table 2.1. Rupture models of the Tohoku-oki earthquake obtained by including seafloor 

GPS data. 

Model No. Reference Data used Seafloor 

GPS sites 

used 

Peak 

slip* 

(m) 

Peak slip 

along the 

corridor (m) 

1 Gusman et al., 

2012 

Tsunami (seafloor pressure and tide 

gauge), land and seafloor GPS 

5 sites 42.0 37.5 

2 Hooper et al., 

2013 

Land and seafloor GPS, tsunami 

(seafloor pressure gauges), satellite 

altimetry 

5 sites 78.7 63.4 

3 Iinuma et al., 

2012 

Land and seafloor GPS, seafloor 

pressure sensors 

7 sites 87.9 83.0 

4 Imakiire and 

Koarai, 2012 

Land and seafloor GPS ≤5 sites 59.2 54.1 

5 T. Ito et al., 

2011 

Land and seafloor GPS 3 sites  59.8 31.0 

6 Y. Ito et al., 

2011 

Seafloor pressure and acoustic 

ranging records 

1 site 80.0 80.0 

7 Kubo and 

Kakehi, 2013 

Teleseismic body waves, land and 

seafloor GPS 

5 sites 42.9 39.9 

8 Kyriakopoulos 

et al., 2013 

Land and seafloor GPS (FEM 

inversion) 

5 sites 39.2 35.9 

9 Lee et al., 2011 Teleseismic waves, land and seafloor 

GPS, strong motion 

5 sites 56.1 52.0 

10 Minson et al., 

2014 

High-rate GPS, land and seafloor 

GPS, tsunami 

7 sites 73.8 47.4 

11 Ozawa et al., 

2012 

Land and seafloor GPS 7 sites 64.0 48.0 

12 Perfettini and 

Avouac, 2014 

Land and seafloor GPS 6 sites 53.6 49.2 

13 Pollitz et al., 

2011 

Land (including very far field) and 

seafloor GPS 

5 sites 38.5 35.5 

14 Pulvirenti et 

al., 2014 

Land and seafloor GPS 5 sites 35.1 30.3 

15 Romano et al., 

2014 

Land and seafloor GPS, tsunami 

(DART, coastal wave, seafloor 

pressure gauges) (FEM inversion) 

7 sites 44.7 31.1 
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16 Shao et al., 

2012 

Teleseismic, local strong motion, 

land & seafloor GPS 

5 sites 63.5 60.5 

17 Silverii et al., 

2014 

Land and seafloor GPS  7 sites  57.7 49.0 

18 Wang et al., 

2012 

Land and seafloor GPS, InSAR 5 sites 49.9 48.7 

19 Wang et al., 

2013 

Strong motion (K & KiK nets), land 

and seafloor GPS 

5 sites 47.6 46.5 

20 Wei et al., 

2012 

Strong motion, land and seafloor 

GPS, DART data 

5 sites 48.0 44.8 

21 Wei et al., 

2014 

Tsunami (open ocean GPS buoy), 

land and seafloor GPS 

5 sites 48.7 37.7 

22 Yokota et al., 

2011 

Strong motion, teleseismic, land and 

seafloor GPS, tsunami 

5 sites 35.3 30.8 

23 Yue and Lay, 

2013** 

High-rate GPS, teleseismic P wave, 

Rayleigh wave, seafloor GPS 

5 sites 70.4 41.7 

24 Zhou et al., 

2014 

Land and seafloor GPS 7 sites 53.0 46.5 

* The peak values were obtained from the original finite fault slip models. 

** Updated version of this model available on SRCMOD website is used in this work. 
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Table 2.2. Rupture models of the Tohoku-oki earthquake obtained without using seafloor 

GPS data. 

Model No. Rupture model Data used Peak 

slip* 

(m) 

Peak slip 

along the 

corridor (m) 

25 Ammon et al., 

2011 

Teleseismic P wave, Rayleigh wave, 

high-rate GPS 

40.0 35.4 

26 Bletery et al., 

2014** 

High-rate GPS, strong motion, 

teleseismic waves, tsunami, land 

GPS 

64.0 48.4 

27 Diao et al., 

2013 

Land GPS 45.8 44.2 

28 Frankel et al., 

2013 

Strong motion and High-rate GPS 65.6 62.1 

29 Fujii et al., 

2011 

Tsunami (coastal tide gauge, 

offshore GPS wave, pressure gauge, 

open ocean buoy) 

47.9 41.9 

30 Hayes, 2011 Teleseismic body and surface waves 33.5 31.9 

31 Ide et al., 2011 Teleseismic waves (empirical 

Green’s function) 

30.7 23.4 

32 Lay et al., 

2011 

Teleseismic P wave 58.1 55.6 

33 Maeda et al., 

2011 

Tsunami (coastal tide gauge, seafloor 

pressure gauge) 

57.0 57.1 

34 Maercklin et 

al., 2012 

Accelerometer (strong motion) (back 

projection) 

54.8 29.5 

35 Melgar and 

Bock, 2015 

High-rate GPS, strong motion, 

tsunami (wave gauge) 

61.7 55.7 

36 Miyazaki et al., 

2011 

Land GPS 34.2 33.0 

37 Ozawa and 

Fujita, 2013 

InSAR, land GPS 28.7 28.4 

38 Saito et al., 

2011 

Tsunami (pressure gauge, GPS wave 

gauge) 

33.4 24.0 

39 Satake et al., 

2013 

Tsunami (open ocean buoy, coastal 

tide gauge, pressure gauge) 

69.1 58.9 

40 Satriano et al., 

2014 

 Teleseismic P wave (back projection 

technique) 

56.5 52.9 
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41 Simons et al., 

2011 

Land GPS, tsunami (open ocean 

buoy) 

59.7 38.0 

42 Suzuki et al., 

2011 

Low frequency (0.01–0.125 Hz) 

strong motion 

48.3 45.5 

43 Yagi and 

Fukahata, 2011 

Teleseismic P wave 51.2 45.6 

44 Yamazaki et 

al., 2011 

Teleseismic P wave, Tsunami (GPS 

buoy, wave gauges, open ocean 

Buoy) 

70.3 66.7 

45 Yoshida et al., 

2011 

Strong motion  46.9 23.5 

* The peak values were obtained from the original finite fault slip models. 

** Seafloor GPS data were testing purpose only, not used in the predicted model. 

 

 

 

 

Table 2.3. SDB models presented in this paper*. 

SDB Model ODB to fit Average 

slip 

Slip 

gradient** 

Depth 

adjustment*** 

RMS 

deviation 

Figure 

Number 

Optimal 1999–2011 

central 

62.0 5.0 5.0 8.481 2.3 

Huge slip 1999–2011 

central 

90.0 5.0 0.0 8.948 A.4 

Slip increase 1999–2011 

central 

62.0 25.0 6.0 8.651 2.6 

Slip decrease 1999–2011 

central 

62.0 -15.0 4.0 8.731 2.7 

2004 2004–2011 

central 

52.0 -12.0 1.1 8.116 A.3 

North track 1999–2011 

northern 

42.0 20.0 0.5 10.589 A.5 

* Slip, depth adjustment, and RMS deviation are all in metres.  

** Slip gradient is given as linear change (m) over the most near-trench 40 km. Positive 

values indicate increase towards the trench.  

*** Given the average slip and slip gradient in each model, the listed depth adjustment is 

the optimal value (for obtaining the lowest RMS deviation). 
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Chapter 3. Afterslip Following the 2012 Costa Rica Earthquake 

This chapter is the second of the two chapters addressing the kinematics and 

mechanics of the shallowest part of subduction faults.  The main body of this chapter 

consists of a manuscript in preparation for journal submission, investigating the trench-

breaching afterslip following the 2012 Mw 7.6 Costa Rica earthquake. This trench-

breaching afterslip represents a fault behaviour very different from the trench-breaching 

coseismic slip of the 2011 Mw 9.0 Tohoku-oki earthquake discussed in the preceding 

chapter. Section 3.1 describes basic manuscript information. Section 3.2 presents the 

manuscript itself. Supplementary material that accompanies the manuscript is presented 

as section 3.3. 

 

3.1. Manuscript Information 

3.1.1. Author, Coauthor, and Outside Contributions 

Section 3.2 consists of a manuscript in preparation. The author of this dissertation 

T.S. carried out most of the forward and inverse modelling of this study. Coauthor E.D. 

and T.S. jointly designed the study. Coauthor K.W. developed the slip distribution 

inversion and stress modelling codes used in this study, and participated in the modelling. 

T.S., E.D., and K.W. together did most of the writing. Coauthor J.Y. processed the GNSS 

data used in the study. Deep-ocean borehole observatories that provided the pressure data 

used in this chapter were established by coauthor E.D. and H. Villinger (University of 

Bremen). 

 

3.1.2. Citation 

Sun, T., E. E. Davis, K. Wang, and Y. Jiang, Trench-breaching afterslip following the 

2012 Mw 7.6 Costa Rica earthquake, in preparation. 
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with the rest of the dissertation. References cited in the manuscript are included in the 

bibliography of this dissertation. 

 

3.2. Trench-Breaching Afterslip Following the 2012 Mw 7.6 Costa Rica 

Earthquake 

3.2.1. Abstract 

Large rupture of the shallowest portion of subduction thrust faults (megathrusts), 

such as in the 2011 moment magnitude (Mw) 9.0 Tohoku-oki earthquake [Fujiwara et al., 

2011; Sun et al., 2017; Kodaira et al., 2012], can generate the most devastating tsunamis. 

However, it remains unclear whether such trench-breaching rupture is typical of other 

subduction earthquakes [Wang, 2013; Lay, 2015]. The main difficulty in answering this 

question is the lack of geodetic monitoring at the trench in all the subduction zones of the 

world. Seafloor and sub-seafloor fluid pressure measurements at two closely located 

borehole observatories in the Middle America trench have provided clear evidence for the 

absence of trench-breaching rupture during the 2012 Mw 7.6 Costa Rica earthquake, and 

for the presence of substantial trench-breaching afterslip at slow rates after the rupture 

[Davis et al., 2015]. Here we compare postseismic seafloor pressure change at the 
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outermost subduction prism and coastal Global Navigation Satellite System (GNSS) 

displacements. The same temporal characteristics of the deformation at the two disparate 

sites indicate a common afterslip process over a wide spatial range updip of the rupture. 

By determining the co- and post-seismic slip distributions and inferring the associated 

shear stress changes on the megathrust, we show that the mechanical behaviour varies in 

the dip direction. The slip behaviour of the shallow megathrust at Costa Rica is consistent 

with conventional conceptual models [Moore and Saffer, 2001; Scholz, 1998; Wang and 

He, 2008], and opposite to the behaviour of the shallowest megathrust during the 

Tohoku-oki event. 

 

3.2.2. Manuscript Main Body 

Whether subduction megathrusts slip to trenches during or after large earthquakes is 

an important question for understanding tsunami generation and fault dynamics. 

Traditionally, the shallow part of the fault is assumed to strengthen during earthquakes to 

resist rupture propagation but slip aseismically afterwards, but the dramatic trench-

breaching coseismic slip during the 2011 moment magnitude (Mw) 9 Tohoku-oki 

earthquake [Sun et al., 2017] seriously challenges the conventional thinking.  However, 

because of the paucity of near-trench geodetic monitoring, there is little observational 

information to tell whether trench-breaching rupture is common or rare. The conventional 

view is based on inferences from the mechanical properties of the fault zone materials at 

shallow depths [Moore and Saffer, 2001; Scholz, 1998; Wang and He, 2008], not on 

direct observations. Fluid pressure monitoring by two borehole observatories off Costa 

Rica during and after a Mw 7.6 subduction earthquake in 2012 has now provided 

unconventional geodetic information directly from the trench [Davis et al., 2015]. 

At Nicoya Peninsula, Costa Rica, the Cocos plate subducts beneath the Caribbean 

Sea plate at a rate of 8 cm/yr [DeMets et al., 2010]. In addition to land-based seismic and 

geodetic networks, which are already monitoring the megathrust seismogenic zone at an 

unusually close range owing to the small (~70 km) trench-coast distance [Dixon et al., 

2013], there are two ODP CORK (Ocean Drilling Program, Circulation Obviation 
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Retrofit Kit) borehole hydrologic observatories near the seafloor outcrop of the 

megathrust, one (Hole 1253A) roughly 175 m seaward drilled into the subducting Cocos 

plate, and the second (Hole 1255A) drilled into the outermost subduction prism roughly 

745 m landward of the fault outcrop (Figures 3.1 and 3.2c). They have been recording 

fluid pressures at and below the seafloor at intervals of 10 min since December 2003 

[Davis et al., 2015; Morris et al., 2003; Davis and Villinger, 2006; Davis et al., 2011] (see 

Section 3.2.3). 

 

 

Figure 3.1. 1-m coseismic slip contour (red) of the 2012 Costa Rica earthquake estimated 

in this work. Red star shows the epicentre of this earthquake [Yue et al., 2013]. Yellow 

line shows the southern part of the rupture area of a Mw 7.7 tsunami earthquake in 1992. 

Blue lines encompass areas of  0.1 m cumulative megathrust slow slip over 5 years 

before the 2012 earthquake [Dixon et al., 2014]. Black circles show relocated aftershocks 

before the end of 2012 [Yao et al., 2017]. Name-labelled yellow triangles are continuous 

GNSS sites; their postseismic time series are shown in Figure 3.6. Locations of the two 

near-trench borehole CORK pressure observatories are marked using yellow circles, and 

the location of the seismic profile in Figure 3.2c using a yellow line. White arrow shows 

the convergence between the subducting Cocos plate and the overriding Caribbean Sea 

plate. Inset: Box outlines the study area. 
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These pressure measurements provide critical information on crustal deformation at 

the trench. Seafloor pressure reflects water depth. It is influenced by oceanographic 

phenomena such as tides, waves, and wind-forced sea-level changes but is also sensitive 

to vertical seafloor deformation. Because of the proximity of the two observatories, long-

wavelength oceanographic signals in their measurements are common, and the 

oceanographic “noise” can be mostly removed by subtracting the record of Hole 1253A 

(the incoming plate “reference”) from the record of 1255A (Figure 3.2a lower panel and 

Figure 3.5). Any change in this differential seafloor pressure reflects a temporal change 

in the depth difference between the two sites. Sub-seafloor fluid pressure also responds to 

oceanographic loading, along with hydrologic diffusion within the formation, but it is 

also sensitive to volumetric strain. To remove the effect of oceanographic loading, we 

subtract the seafloor pressure scaled by the accurately defined tidal loading efficiency 

[Davis and Villinger, 2006] from the sub-seafloor record. We further suppress the 

unaccounted for tidal residuals arising from earth tides and hydrologic diffusion by 

applying a 12.5-hour-moving-average filter (Figure 3.2a upper and middle panels). Any 

change in the processed sub-seafloor pressure reflects primarily volumetric strain of the 

rock formation, with a pressure increase indicating contraction and a pressure decrease 

indicating dilatation. 

At the time of the 5 September 2012 Mw 7.6 Costa Rica earthquake, GNSS stations 

on the Nicoya Peninsula detected trenchward horizontal motion up to 68 cm and uplift up 

to 53 cm (Figure 3.3a, red arrows), delineating substantial coseismic slip beneath the 

peninsula [Protti et al., 2014]. At this time there was no change in differential seafloor 

pressure between the two observatories across the trench, indicating no trench-breaching 

rupture directly updip of the hypocentral area (Figure 3.2a lower panel). Coseismic sub-

seafloor-pressure drops were recorded at both sides, however, suggesting that some near-

trench crustal dilatation was induced by fault slip in the epicentral area [Davis et al., 

2015]. 

After the earthquake, while GNSS sites continued to move trenchward [Malservisi et 

al., 2015], several episodes of seafloor pressure changes were detected at the trench over 
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the first month, with the first episode starting ~1.5 days after the earthquake and each 

episode lasting 2–3 days (Figure 3.2a). Within each episode, seafloor pressure of the 

prism site (1255A) decreased relative to the incoming-plate site (1253A), indicating 

stepwise uplift of the prism toe. Concurrent with the seafloor pressure changes, sub-

seafloor pressures dropped at Hole 1253A, indicating dilatation in the incoming plate, 

and increased at Hole 1255A, indicating contraction of the outer prism or in the outer 

thrust fault zone. These strain signals are consistent with the passing by of an updip-

propagating slip front along the megathrust [Davis et al., 2011; LaBonte et al., 2009]. The 

observed prism toe uplift and the concurrent contrasting volumetric strains on different 

sides of the trench thus indicate trench-breaching afterslip. 

Over a longer time (> 1 year), the seafloor pressure change (prism toe uplift) at the 

trench and the postseismic GNSS displacements on land (see Section 3.2.3) share the 

same temporal characteristics (Figure 3.2b and Figure 3.6). For this and other 

earthquakes with Mw < 8, crustal deformation caused by viscoelastic relaxation of the 

coseismically induced stresses in the mantle is small [Sun and Wang, 2015]. We 

conclude that the relative seafloor pressure change between the two sites mainly reflects 

deformation caused by the trench-breaching afterslip of the megathrust; the erratic 

pressure variations in the early half of 2013 appear to be associated with disturbances of 

the incoming plate reference site signal, probably instrumental in origin (Figure 3.5). The 

overall similarity of the temporal characteristics of the onshore and offshore 

displacements suggests a common driving function of the afterslip over a wide updip 

range. 

We use both the GNSS displacements and the seafloor pressure changes to determine 

the coseismic slip and afterslip (cumulative to the end of 2014) of this earthquake. For 

each slip mode, we iteratively use two types of model (see Section 3.2.3). Nonlinear 

Bayesian inversion of GNSS data is performed using a standard uniform elastic half-

space model (Figure 3.7a), in which point-source dislocation solutions [Okada, 1992] (or 

Green’s functions) can be efficiently derived. Because the half-space model cannot 

accommodate seafloor slope at the trench, a finite element model (FEM) (Figure 3.7c) 

with actual long-wavelength seafloor topography is used for forward modelling near-
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trench deformation. Fault slip distribution from one model is updated with the other 

model, and only two complete iterations are needed to obtain the final, FEM-based slip 

distribution shown in Figure 3.3. An example of intermediate results, i.e., of the first 

round of half-space inversion of the GNSS data, is shown in Figure 3.8. 

 

 

Figure 3.2. Seafloor and sub-seafloor (formation) fluid pressure measurements during 

and after the 2012 Costa Rica earthquake. The locations of CORK pressure observatories 

are shown in Figure 3.1. Vertical dashed line indicates the time of the earthquake. (a) 

Grey curves show the original pressure records, and blue curves show the time series 

after a 12.5-hour-moving-average filter is applied (see Section 3.2.3). Yellow bars 

highlight slow slip episodes, during which seafloor and sub-seafloor pressures show 

concurrent anomalies. (b) Comparison between the uplift of the prism toe (reflected by 

seafloor pressure change) and postseismic displacements (orange dots) of on-land GNSS 

site SAJU. (c) Cross-trench seismic reflection profile through the CORK observatories 

(location shown in Figure 3.1). Yellow circles indicate depths of sub-seafloor pressure 

monitoring (see Section 3.2.3). 
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Figure 3.3. Co- and post-seismic (1.3-year) slip distributions of the 2012 Costa Rica 

earthquake and their associated stress changes on the megathrust. Depth below sea level 

of the megathrust is contoured at 10 km intervals (green curves). For each row, the left 

and middle panels show horizontal and vertical displacements, respectively, and 

coseismic or postseismic slip distribution determined in this work. Observed cumulative 

postseismic displacements over the first 1.3 years after the earthquake are listed in Table 

3.1. Model displacements are calculated using a finite element mesh (shown in Figure 

3.7c) from the shown slip distributions with actual fault geometry and long-wavelength 

surface topography. The right panel shows the associated shear stress changes on the 

megathrust. Contours show slip distributions (same as in the left and middle panels) in m. 

(a) Coseismic deformation. Dashed box shows location of the profile used in Figure 3.4a. 

(b) 1.3-year postseismic deformation. A correlation scale of 25 km is used in the 

inversion (see Section 3.2.3). Question marks near the trench indicate the regions where 

afterslip cannot be constrained by the existing GNSS and pressure observations (Figure 

3.9). Using a different correlation scale (50 km) does not change the main characteristics 

of the results (Figure 3.10). 
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Our preferred coseismic slip model shows a primary rupture zone with a peak slip > 

5 m at depths of 25-30 km beneath the Nicoya Peninsula, downdip of the earthquake 

hypocentre beneath the coast [Yue et al., 2013], and a secondary rupture area of much 

less slip offshore at shallower depths (~ 10 km). For the trench-breaching afterslip, the 

two existing observatories do not allow any estimates of slip variation along the trench 

(Figure 3.3b and Figure 3.9), but the data do provide strong constraints in the trench-

normal direction. Afterslip distributed fully from the hypocentral region to the trench is 

required to explain both the onshore and offshore deformation. Details of the slip 

distribution are affected by smoothing constraints used in the inversion (see Section 

3.2.3), but very different degrees of smoothing do not change the main characteristics of 

the results (Figure 3.10). Above all, our model tests confirm that without the pressure 

observations at the trench, the land-based GNSS observations alone would not be able to 

resolve the trench-breaching afterslip (Figure 3.8b). 

Using the slip distribution shown in Figure 3.3, we then calculate the static shear 

stress changes on the megathrust associated with the above determined coseismic slip and 

afterslip (Figure 3.3). The method of stress calculation is exactly the same as in Brown et 

al. [2015]. With an assumed Poisson’s ratio of 0.25 and rigidity of 40 GPa, we determine 

a peak static coseismic stress drop > 8 MPa on the fault in the main rupture zone. Using a 

lower rigidity will lead to a proportionally lower magnitude of the stress drop but does 

not change its distribution. Fault areas updip and downdip of the main rupture underwent 

stress increase during the earthquake, except within the shallow secondary rupture area. 

After the earthquake, afterslip of the shallow megathrust is accompanied with small stress 

drop over a wide spatial range updip of the rupture (~1 MPa).  

Our model of the slips and stress changes suggests substantial variations in the 

mechanical behaviour of the subduction fault in the dip direction (Figure 3.4). The main 

rupture zone underwent large coseismic weakening (stress drop). At a shallower depth 

just offshore, the fault underwent coseismic strengthening (stress increase), allowing a 

sharp updip decrease of coseismic slip (from 5 m to 0.5 m). The coseismically increased 

stress in the offshore region then drove slow afterslip all the way to the trench. We 

speculate that the shallowest part of the fault underwent brief episodes of minor 
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strengthening in response to “jerky” afterslip motion of its neighbouring segment 

immediately downdip. Because of the low rigidity of the unconsolidated sediments at the 

shallowest depths, stress variations can only be small, although they cannot be estimated 

by our uniform-rigidity model (Figure 3.4c).  

 

Figure 3.4. Illustration of different mechanical behaviours of three segments of the 

megathrust in the dip direction. (a) Magnitudes of coseismic slip and afterslip along a 

trench-normal corridor (shown as the dashed grey box in Figure 3.3a middle panel) that 

covers the CORK observatories and on-land GNSS stations SAJU and EPZA. (b) 

Geometry of the megathrust along this corridor. (c) Stress-slip evolution during and after 

the 2012 Costa Rica earthquake. 𝝉0 and 𝝉1 represent pre-earthquake stress and stress at 

the end the dynamic rupture, respectively, 𝝉p the peak stress during rupture, ∆𝝉 the static 

stress drop, and, 𝝉2 the stress updip of the main rupture at the end of 2013 (end of the 

modelling period). Beneath the prism toe, 𝝉c represents the yield stress of the weak 

megathrust at the shallowest depth. 
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Seafloor and sub-seafloor pressure observations indicate that similar trench-

breaching slow slip, which induced pressure changes of the same pattern as during the 

postseismic slip episodes, also occurred before the 2012 earthquake and cumulated about 

0.26 m slip during 2007–2012 [Davis et al., 2015]. This slip followed slow slip events at 

greater depths [Davis et al., 2015; Dixon et al., 2014; Jiang et al., 2012; Jiang et al., 

2017], indicating that slip of the shallowest megathrust is likely driven by stress stored 

downdip away from the outermost prism. If the behaviour of the shallow fault segment 

over these 5 years is typical of the entire interseismic period, these slow slip events plus 

the afterslip determined in this work can roughly accommodate plate convergence over 

the ~50 year earthquake cycle at the shallowest depth. 

The trench-breaching afterslip studied here represents one type of slip-to-trench that 

is in sharp contrast to that which occurred during the 2011 Tohoku-oki earthquake. Near-

trench geodetic observations that have been and/or will soon be conducted, such as at 

Nankai, Hikurangi, and northern Cascadia [Wallace et al., 2016; Wallace et al., 2016; 

Saffer et al., 2016; Davis et al., 2010; Yao et al., 2017], promise opportunities to deepen 

our understanding of various slip modes of shallow megathrusts, and improve 

assessments of the associated hazards. 

 

3.2.3. Methods 

CORK borehole observatories 

The two borehole hydrologic observatories were installed during ODP Leg 205 in 

late 2002. Hole 1253A was drilled through ~400 m of hemipelagic and pelagic 

sediments, ~31 m of gabbroic sill, ~30 m of sediments underlying the sill, and ~140 m of 

igneous rocks as a part of the oceanic basement. Hole 1255A was drilled into the toe of 

the subduction prism to a depth of 153 m below the seafloor (mbsf), across the base of 

the decollement at ~144 mbsf. For each site, seafloor fluid pressures are measured by a 

pressure sensor on the borehole wellhead, and formation fluid pressures are measured by 

pressure sensors at the wellheads connected to two formation screens at different depth 

intervals through hydraulic lines. In Hole 1253A, the upper and lower screens are centred 
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at 453 and 500 mbsf, respectively. Because formation pressures recorded at the two 

intervals are almost identical, here we show only the measurements from the upper 

interval. In Hole 1255A, the upper and lower screens are centred at 127 and 140 mbsf, 

respectively. Because formation pressures recorded at the lower interval suffered from 

leakage at the bottom of the hole since September 2004, here we also show only the 

measurements from the upper interval. More complete descriptions of the observatories 

and the pressure sensors can be found in Morris et al. [2003]. 

 

Obtaining postseismic GNSS displacements 

We used continuous GNSS data collected from 2002-2016 to derive pre- and post- 

earthquake deformation fields. Raw observations downloaded from the UNAVCO data 

archive (www.unavco.org/data/data.html) were smoothed and resampled at 5-minute 

intervals. Daily site positions were then determined using the procedure described in 

Jiang et al. [2012]. We excluded observations with less than 4 hours of observations. The 

daily positions were first placed in a loosely constrained terrestrial reference frame, and 

then were aligned to the IGb08 reference frame [Rebischung et al., 2012] through a 7-

parameter transformation. To obtain postseismic GNSS displacements, we removed the 

interseismic trend of GNSS time series using the pre-earthquake portion of the data and 

an offset due to a Mw 6.6 aftershock (Figure 3.6). All the GNSS time series can be fit by 

the following logarithmic function with characteristic time (𝜏) of 5 days (Figure 3.6). 

𝑓(𝑡) = 𝑐 × log (1 +
𝑡

𝜏
)  

Using this function, we derived cumulative GNSS site displacements and their errors 

(as standard deviation of displacement residues) through the end 2014 (Table 3.1). 

 

Inversion of GNSS displacements 

The nonlinear Bayesian inversion algorithm used this work was developed by one of 

the authors (KW) based on the theory of Tarantola [1982] and was used to determine slip 

http://www.unavco.org/data/data.html
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distributions of Cascadia slow slip events [Dragert and Wang, 2011] and the 2012 Mw 7.8 

Haida Gwaii earthquake [Nykolaishen et al., 2015]. Nonlinearity arises because each slip 

vector is represented by the logarithm of its magnitude and its rake. See Dragert and 

Wang [2011] for a description of the inversion method. The Green’s functions are 

derived using the point-source dislocation solution [Okada, 1992] along the three-

dimensionally curved megathrust in a uniform elastic half-space. The Poisson’s ratio is 

assigned to be 0.25; no other moduli are needed for an elastic half-space. For the 

megathrust geometry, we use the model of slab1.0 [Hayes et al., 2012], except that a 

correction is made to the shallow part of the fault so that the depth of the fault below 

seafloor, instead of depth below sea level, is used as the fault depth in our flat-surface 

model [Wang et al., 2003]. We divide the fault area into 555 triangular elements of about 

8 km size (Figure 3.7a), each assigned a slip vector. The inversion involves the use of 

correlation scales in the dip and strike directions to describe probabilistically the 

smoothness of the slip vector distribution [Dragert and Wang, 2011]. In this work, we use 

the same correlation scale for the two directions. For both the coseismic slip and afterslip, 

the preferred correlation scale is 25 km, similar to the depth of the fault below the GNSS 

network. A correlation scale much smaller than the fault depth does not yield useful or 

even convergent results. A larger correlation scale such as 50 km leads to a smoother slip 

distribution but does not change the main characteristics of the results (Figure 3.10). 

 

Finite element modelling 

We use a spherical-Earth finite-element model that includes actual fault geometry 

and long-wavelength surface topography for forward modelling both on-land and near-

trench deformation. The finite-element code is the same as used in Sun et al. [2017], 

Wang et al. [2012], and Sun et al. [2014] for studying crustal deformation at other 

subduction margins. It employs 27-node isoparametric elements throughout the model 

domain, with the effect of gravitation incorporated using the stress advection approach 

[Peltier et al., 1981] and fault slip simulated using the split-node method [Melosh and 

Raefsky, 1981]. Very fine elements are used near the trench and close to the subduction 

fault (Figure 3.7c). For modelling both coseismic and postseismic deformation, we use 
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uniform rock rigidity (40 GPa), Poisson’s ratio (0.25), and rock density (3,300 kg/m
3
) to 

be compatible with the companion uniform half-space model used for the inversion. Any 

other numerical codes will produce similar results, with minor differences depending on 

whether and how the effect of gravity is simulated and whether a spherical or Cartesian 

coordinate system is used. 
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3.3. Supplementary Material 

 

 

Figure 3.5. Seafloor pressure measurements at 1253 (incoming plate site) and 1255 

(prism toe site) and their difference. For the differential seafloor pressure (1255-1253), 

the yellow dashed line shows a logarithmic function fit (see Section 3.2.3), with the same 

characteristic time (5 days) as used for fitting land-based GNSS displacements (Figure 

3.6). 
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Figure 3.6. Displacements of GNSS stations. Each row is for one site (site name given in 

the left panel) and from left to right shows the east, north, and vertical components. 

Coseismic offset of the 2012 Mw 7.6 earthquake [Protti et al., 2014] and interseismic 

trend due to megathrust locking [Feng et al., 2012] have been removed. Dots in deeper 

red and green show GNSS displacements after correcting for an offset caused by a Mw 

6.6 aftershock [Malservisi et al., 2015]. Yellow dashed curves show a logarithmic 

function fit to the corrected time series (see Section 3.2.3). 
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Figure 3.6. continued 
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Figure 3.6. continued 
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Figure 3.7. Meshes used in this work for determining slip distributions and stress 

changes. (a) Fault mesh for inverting land-based GNSS observations with a uniform 

elastic half-space model. Size of each triangular sub-fault is ~8 km. (b) Similar to Figure 

3.7a but with a much denser mesh density for calculating stress changes on the 

megathrust. Size of each triangular sub-fault is ~500 m. (c) Central part of the finite 

element mesh for forward modelling both near-trench and on-land deformation. Each 

quadratic element has 27 nodal points. 
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Figure 3.8. Fault slip determined by inverting GNSS displacements using an elastic half 

space model without fluid pressure data from the trench and comparison of model 

prediction with data. Fault mesh is shown in Figure 3.7a. 
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Figure 3.9. 1.3-year afterslip distribution and the associated stress changes on the 

megathrust assuming a wider along-strike distribution of trench-breaching afterslip. Same 

as Figure 3.3b, except that a wider patch along the trench is imposed. 

 

 

 

Figure 3.10. Results of using a larger correlation scale for the slip inversion. Same as in 

Figure 3.3, except for the use of a correlation scale of 50 km (instead of 25 km) in both 

the strike and dip directions. Model predicted displacements are calculated using the 

finite element mesh shown in Figure 3.7c. 
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Table 3.1. Cumulative postseismic GNSS and seafloor displacements from right after the 

2012 earthquake to the end of 2013. Errors are determined as the standard deviations of 

the residue between the observed displacements and the logarithmic function for fitting 

the time series (Figure 3.6), except for HATI, PUJE, and QSEC. For these three sites, 

because of the missing observation around the end of 2013, a larger error (10 mm) is set 

for all displacement components. NA = Not available.  

Site Long. 

[º] 

Lat.  

[º] 

Elev. 

[m] 

Displacement [cm] Error [mm] 

E N V E N V 

BIJA -84.577 9.750 555.6 -1.31 -2.41 1.32 1.23 1.79 6.30 

BON2 -85.203 9.765 28.0 -7.83 -12.84 2.20 1.09 1.09 4.62 

CABA -85.344 10.238 27.0 -7.91 -14.07 5.28 1.22 1.73 5.97 

ELVI -85.446 10.395 81.9 -7.91 -10.33 3.96 6.08 3.22 21.48 

EPZA -85.568 10.141 668.4 -13.19 -21.10 -1.76 2.04 2.41 5.46 

GRZA -85.636 9.916 39.3 -10.11 -22.29 13.19 1.33 2.98 4.94 

HATI -85.710 10.292 58.6 -10.11 -17.59 1.32 10.0 10.0 10.0 

HUA2 -85.352 10.018 593.9 -12.53 -18.25 -1.32 1.66 2.35 3.69 

IND1 -85.502 9.865 75.3 -12.31 -18.03 9.67 2.00 2.32 12.56 

LAFE -84.960 9.807 65.2 -6.02 -9.45 5.28 1.18 2.66 6.18 

LEPA -85.031 9.945 20.9 -6.59 -9.67 2.20 1.19 1.10 5.23 

LMNL -85.053 10.268 103.0 -6.16 -9.23 2.64 1.33 1.78 6.98 

PNE2 -85.829 10.196 19.5 -8.35 -15.56 3.96 1.57 2.31 8.20 

PUJE -85.272 10.114 30.1 -10.11 -15.83 4.40 10.0 10.0 10.0 

PUMO -84.967 10.064 18.0 -6.16 -8.79 3.30 1.53 1.84 4.94 

QSEC -85.357 9.840 17.4 -13.19 -19.34 3.52 10.0 10.0 10.0 

SAJU -85.711 10.067 73.4 -10.33 -22.86 3.96 2.57 2.21 6.00 

VERA -84.869 10.854 64.3 -3.52 -5.06 1.76 1.48 1.91 6.72 

1255 -86.186 9.655 -4312 NA NA 7.52 NA NA 4.35 
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Chapter 4. Crustal Deformation Following the 2011 Tohoku-oki 

Earthquake 

This chapter is the first of three chapters addressing how Earth rheology and fault 

behaviour control time-dependent crustal deformation following great subduction 

earthquakes. The main body of this chapter consists of a published journal paper [Sun et 

al., 2014] on the effect of viscoelastic relaxation on postseismic deformation immediately 

following the Tohoku-oki earthquake. Section 4.1 describes basic paper information. 

Section 4.2 presents the paper itself. Supplementary material that accompanied the 

published paper is presented as section 4.3. 

 

4.1. Paper Information 

4.1.1. Author and Coauthor Contributions 

Section 4.2 consists of a paper published in journal Nature as a Letter but 

reformatted for the dissertation. The author of this dissertation T.S. carried out the 

deformation modelling of this study. Coauthor K.W. designed the study, and K.W. and 

T.S. did most of the writing. Coauthor T.I. processed land GPS data. Coauthors R.H., 

H.F., M.K., Y. Osada, S.M., and Y. Ohta collected and processed GJT3 seafloor GPS 

data. Coauthor J.H. wrote the modelling code and contributed to the deformation 

modelling. Coauthor Y.H. constructed geometry of the Japan Trench subduction fault and 

initiated the modelling. 
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4.2. Prevalence of Viscoelastic Relaxation After the 2011 Tohoku-oki 

Earthquake 

4.2.1. Abstract 

After a large subduction earthquake, crustal deformation continues to occur, with a 

complex pattern of evolution [Wang et al., 2012]. This postseismic deformation is due 

primarily to viscoelastic relaxation of stresses induced by the earthquake rupture and 

continuing slip (afterslip) or relocking of different parts of the fault [Hu et al., 2004; 

Pollitz et al., 2006; Suito and Freymueller, 2009; Kogan et al., 2013; Pritchard and 

Simons, 2006]. When postseismic geodetic observations are used to study Earth’s 

rheology and fault behaviour, it is commonly assumed that short-term (a few years) 

deformation near the rupture zone is caused mainly by afterslip, and that viscoelasticity is 

important only for longer-term deformation [Pritchard and Simons, 2006; Hsu et al., 

2006]. However, it is difficult to test the validity of this assumption against conventional 

geodetic data. Here we show that new seafloor GPS (Global Positioning System) 

observations immediately after the great Tohoku-oki earthquake provide unambiguous 

evidence for the dominant role of viscoelastic relaxation in short-term postseismic 

deformation. These data reveal fast landward motion of the trench area, opposing the 

seaward motion of GPS sites on land. Using numerical models of transient viscoelastic 

mantle rheology, we demonstrate that the landward motion is a consequence of relaxation 

of stresses induced by the asymmetric rupture of the thrust earthquake, a process 

previously unknown because of the lack of near-field observations. Our findings indicate 

that previous models assuming an elastic Earth will have substantially overestimated 

afterslip downdip of the rupture zone, and underestimated afterslip updip of the rupture 

zone; our knowledge of fault friction based on these estimates therefore needs to be 

revised. 

 

4.2.2. Nature Letter Main Body 

Land-based GPS observations from multiple subduction zones delineate three stages 

of postseismic deformation following a great megathrust earthquake: wholesale seaward 
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motion, opposing motion of the coastal and inland areas, and wholesale landward motion 

[Wang et al., 2012]. This progressive motion reversal contains important information on 

Earth’s viscoelastic rheology and the slip behaviour of subduction megathrusts [Wang et 

al., 2012; Hu et al., 2004; Pollitz et al., 2006; Suito and Freymueller, 2009; Kogan et al., 

2013]. However, we know surprisingly little about the mechanism of postseismic 

deformation at the timescale of a few years. 

 

Figure 4.1. Coseismic and postseismic deformation of the 2011 Tohoku-oki earthquake. 

(a) Coseismic displacements of land [Ozawa et al., 2011] and seafloor [Sato et al., 2011; 

Kido et al., 2011] GPS sites and model predicted displacements based on the fault slip 

model shown (see Section 4.2.3). (b) One-year postseismic displacements of land [Ozawa 

et al., 2012] and seafloor [Japan Coast Guard and Tohoku University, 2013; Watanabe et 

al., 2014] GPS sites and model predicted values based on the viscoelastic model of this 

work. Seafloor GPS vectors were obtained through fitting campaign data with 

logarithmic functions as in Figure 4.9. Site GJT4 failed shortly after the earthquake. 

Black contours (m) are the afterslip distribution used in our modelling (see Section 4.2.3). 

Observed and model time series at sites marked with a green circle in the main corridor 

of interest are shown in Figure 4.3. 

 

During the Tohoku-oki earthquake, seven seafloor GPS stations operated by the 

Japan Coast Guard (JCG) [Sato et al., 2011] and Tohoku University (TU) [Kido et al., 
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2011] detected seaward displacements of up to 31 m, much larger than the largest 

coseismic motion of coastal GPS sites (~5 m) [Ozawa et al., 2011] (Figure 4.1). Many 

rupture models, in particular those involving tsunami data and seafloor geodetic 

observations, feature peak slip exceeding 50 m at rather shallow depths and breaching the 

trench [Fujii et al., 2011; Iinuma et al., 2012; Shao et al., 2012; Tajima et al., 2013]. 

After the earthquake, the terrestrial GPS network in northeast Japan continued to 

show wholesale seaward motion as expected (Figure 4.1b). These terrestrial observations 

can be adequately explained by an afterslip model [Ozawa et al., 2012] similar to those 

developed for most other subduction earthquakes and also based only on terrestrial 

observations [Pritchard and Simons, 2006]. However, seafloor GPS observations near the 

trench present a fundamental challenge to the validity of ignoring viscoelastic stress 

relaxation in short-term postseismic deformation. Whereas some of the seafloor sites also 

exhibited seaward motion, sites nearest to the peak rupture area immediately reversed 

their direction from coseismic seaward to postseismic landward (Figure 4.1b). These data 

demonstrate that opposing motion begins immediately after the earthquake, a 

phenomenon previously unknown because of the lack of seafloor observations. The 

motion of these sites (Figure 4.1b), ~50 cm at TU site GJT3 (Figures 4.8 and 4.9) and, 

~20–25 cm at JGC sites KAMS and MYGI in the first year [Japan Coast Guard and 

Tohoku University, 2013; Watanabe et al., 2014], is much faster than the subduction rate 

(8.3 cm yr
-1

) at the Japan Trench [DeMets et al., 2010] and thus cannot be explained by 

the relocking of the subduction fault. Neither can it be explained by afterslip, which 

would cause the surface to move in the opposite (seaward) direction [Pritchard and 

Simons, 2006; Ozawa et al., 2012]. The effect of poroelastic rebound after the earthquake 

is far too small to explain the observed motion, even in a model that maximizes such an 

effect [Hu et al., 2014]. Therefore, the primary process responsible for this motion must 

be viscoelastic relaxation [Sun et al., 2013]. 

We explain the immediate landward motion of the trench area, represented by sites 

GJT3, KAMS and MYGI, as a manifestation of viscoelastic relaxation of stresses induced 

by the asymmetric rupture of the Tohoku-oki earthquake. We first use a simple two-

dimensional (2D) model (Figure 4.2a) to elucidate the physical process. This simple 
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model captures the essence of viscoelastic deformation in earthquake cycles [Wang et al., 

2012; Pollitz et al., 2006]: the tectonic plates exhibit elastic behaviour, and the 

asthenospheric mantle deforms elastically at the time of the earthquake but increasingly 

exhibits viscous behaviour afterwards (Figure 4.4). 

 

 

Figure 4.2. Numerical models of short-term viscoelastic relaxation. (a) A 2D generic 

subduction earthquake model used to illustrate the consequence of asymmetric rupture. 

Fault slip, s, is denoted by a solid orange line, and tapers to zero over dashed portions. 

Greater tensile stress is coseismically induced in the upper plate than in the incoming 

plate (diverging arrows). (b) Horizontal coseismic (t = 0) and postseismic (t > 0) 

displacements (u) of the three colour coded sites in Figure 4.2a in response to the 

earthquake. M is the Maxwell time of the mantle wedge (Figure 4.4). Solid lines show 

results based on a model with 30-km-thick upper and lower plates and a rigidity and 

viscosity structure similar to previous subduction earthquake cycle models [Wang et al., 

2012; Pollitz et al., 2006; Hu and Wang, 2012] and identical to model B in Table 4.1. In 

the ‘thicker slab’ model, the lower plate is twice as thick; in the ‘higher viscosity’ model, 

the steady-state mantle wedge viscosity is an order of magnitude higher (10
20

 Pa s). (c) 

Schematic illustration of the structure of the 3D model for the 2011 Tohoku-oki 

earthquake, with results shown in Figures 4.1 and 4.3. 

 

Asymmetric coseismic elastic deformation is a fundamental outcome of any thrust 
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rupture that is not deeply buried. Because of the presence of the free surface (seafloor), 

the hanging wall overlying the rupture is less stiff than the foot wall beneath. 

Consequently, even though the double-couple source mechanism is symmetric, the 

hanging wall undergoes greater coseismic motion than does the foot wall. In subduction 

earthquakes, the asymmetry is very pronounced owing to the shallow dip and depth of the 

megathrust (Figure 4.2a). The maximum seaward motion of the upper plate is larger than 

the maximum landward motion of the incoming plate often by an order of magnitude. 

Systematic spatial variations in rock rigidity or plastic yielding in parts of the system can 

only slightly modify the relative magnitude of the motion but cannot reduce the 

asymmetry in any substantive fashion. 

The asymmetric rupture induces greater tension in the upper plate than in the 

incoming plate (Figure 4.2a). The stress asymmetry around the rupture zone is 

accompanied by heterogeneous incremental stresses in the rest of the coseismically 

elastic system that, for static deformation, balance the net force and torque. As the 

underlying mantle undergoes viscoelastic relaxation after the earthquake [Wang et al., 

2012; Pollitz et al., 2006], the greater tension in the upper plate pulls the trench area 

landward (Figure 4.2b). The site in the rupture area reverses its direction of motion 

immediately after the earthquake in all the models, irrespective of the vastly different 

parameters used. For example, a very thick subducting plate or highly viscous mantle can 

slow down the motion but cannot prevent it from occurring (Figure 4.2b). 

In the real Earth, the only process that may offset or even reverse this motion in 

limited areas is fast afterslip, especially at very shallow depths such as that observed after 

the 2005 moment magnitude Mw=8.7 Sumatra earthquake [Hsu et al., 2006]. At the Japan 

Trench, the very fast seaward motion of JCG site FUKU, outside the main rupture area 

(Figure 4.1b), is undoubtedly caused by shallow afterslip. We think that the lack of 

landward motion of JCG site KAMN is probably because the motion was offset by local 

afterslip, an issue that we do not have adequate information to explore in our modelling. 

To apply the conceptual model illustrated in Figures 4.2a and 4.2b to the seafloor 

GPS observations after the Tohoku-oki earthquake, we developed a three-dimensional 

(3D) spherical-Earth finite element model (see Section 4.2.3) involving the Burgers 



 

 

62 

mantle rheology (Figure 4.4) and the actual fault geometry (Figure 4.5). Our main region 

of interest is the broad margin-normal corridor including the peak rupture area and sites 

GJT3, MYGI, KAMS and MYGW. To focus on the first-order physical process, we 

purposely simplified the model by using uniform material properties for each of the 

major structural units (model A in Table 4.1). Elastic modulus values are the same as in 

Wang et al. [2012] except for those required by the transient rheology (Figure 4.4), for 

which larger values better reproduce postseismic motion of all the land GPS sites in the 

first few weeks. The most seaward part of the mantle wedge overlying the shallower-

than-70-km part of the slab is an elastic ‘cold nose’ (Figure 4.2c), representing the 

stagnant and cold part of the mantle wedge [Wada and Wang, 2009] and consistent with 

the results of seismic tomography in this region [Yamamoto et al., 2011]. Between the 

cold nose and the slab, the plate interface changes from a distinct fault at shallow depths 

to a thin viscoelastic shear zone at greater depths (see Section 4.2.3). Differently from 

previous models, we included a weak layer (Table 4.1) below the oceanic plate, 

approximately accounting for the recently but widely reported mechanical decoupling of 

the oceanic lithosphere from the underlying mantle material (see Section 4.2.3). All the 

viscosity values were optimized to fit observations via a trial-and-error approach. 

We used a coseismic rupture model slightly modified (see Section 4.2.3) from 

Iinuma et al. [2012] (Figure 4.1a). Our tests show that different choices of coseismic slip 

models [Tajima et al., 2013] may lead to slightly different estimates of viscosity values 

but do not change the physical process demonstrated by the model. Because postseismic 

GPS observations reflect both viscoelastic relaxation and afterslip, we must consider both 

processes to allow meaningful comparisons with data [Hu and Wang, 2012]. We opted to 

revise the afterslip model of Ozawa et al. [2012] and combine it into our 3D viscoelastic 

model in a trial-and-error fashion. The introduction of viscoelasticity as required by 

seafloor observations greatly reduced the amount of afterslip required to explain the land 

GPS data. The afterslip values shown in Figure 4.1b have been reduced from those of 

Ozawa et al. [2012] by as much as 95% directly downdip of the main rupture area and by 

about 30% farther away (see Section 4.2.3). Our model does not include shallow and/or 

trench-breaching afterslip and therefore is not designed to explain the motion of site 

FUKU (see Section 4.2.3). If significant shallow afterslip did occur in our main corridor 
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of interest, the landward motion of seafloor GPS sites due to viscoelastic relaxation 

should be even faster than shown in Figure 4.1b, further strengthening the main argument 

of this chapter. 

 

Figure 4.3. Observed (red) and model-predicted (blue) time series of the east component 

of postseismic displacements. The locations of the GPS sites are shown in Figure 4.1b. 

(a) Seafloor sites. For TU site GJT3, error bars (standard error) are based on error 

analysis, and sub-arrays are formed by different combinations of seafloor transponders, 

both as explained in Section 4.2.3. For the JCG sites [Japan Coast Guard and Tohoku 

University, 2013; Watanabe et al., 2014], error estimates were not provided but are 

estimated to be smaller than those of GJT3 (see Section 4.2.3) except for the first one or 

two less reliable measurements at each site (open stars). Circles for KAMS represent 

position data after a manual correction for an assumed delayed local afterslip during 

2012. The one-year vector for this site shown in Figure 4.1b is based on the corrected 

data. (b) Randomly selected land sites in the main corridor of interest. Other sites in this 

corridor have similar results. 
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Our 3D model adequately explains the spatial (Figure 4.1b) and temporal (Figure 

4.3) patterns of postseismic deformation. Even in areas away from the main corridor of 

interest, the model fits GPS observations to a considerable degree of fidelity. Second-

order temporal variations in the GPS time series, such as the brief slowing down of 

KAMS during 2012 and the motion reversal of GJT3 in 2013, may be due to local 

adjustment of the megathrust (delayed afterslip) and cannot be explained by viscoelastic 

relaxation (Figure 4.3a). Steady-state viscosities in this model (model A in Table 4.1) are 

lower than in previous models [Wang et al., 2012] that were based mostly on longer-term 

postseismic and interseismic observations (see also Figures 4.6 and 4.7). The reason is 

most probably that transient mantle rheology is more complex than described by the 

Burgers model (Figure 4.4) and our steady-state viscosity based on the ~3 years of 

postseismic observations may still be affected by transient creep. 

Our numerous testing runs using both 2D and 3D models (not all displayed here) 

show that landward trench motion does not occur in any purely elastic model but always 

occurs in viscoelastic models irrespective of the details of the viscoelastic mantle 

rheology, afterslip and model structure. Therefore, in elastic models for any large 

subduction earthquakes, afterslip downdip of the rupture zone will have been 

overestimated, and afterslip at shallower depths, if present and resolvable by observations 

[Hsu et al., 2006], will have been underestimated. Reassessing afterslip using viscoelastic 

models will lead to a revision of our knowledge of the slip behaviour and physics of 

subduction megathrusts. 

 

4.2.3. Methods 

Finite element model 

We assume that the mantle obeys the bi-viscous Burgers rheology [Wang et al., 

2012; Pollitz et al., 2006]. The Kelvin solid of viscosity ƞK and rigidity K and the 

Maxwell fluid of viscosity ƞM and rigidity M in the Burgers body (Figure 4.4) are the 
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simplest parameterizations of the transient and steady-state rheology, respectively [Peltier 

et al., 1981]. The characteristic timescales of the transient and steady-state rheology are 

thus represented by the Kelvin relaxation time K = ƞK/K and Maxwell relaxation time 

M = ƞM/M, respectively. Note that µK is not a real physical property but a parameter 

introduced to control the initial rate of transient creep of mantle material without 

invoking more parameters. 

Secular mantle wedge flow maintains high temperatures in the arc and back arc 

region [Wada and Wang, 2009]. The different thermal states of the two sides can result in 

not only different thicknesses of the elastic plates, but also differences in the viscosities 

of the mantle below. Following the arguments of Wang et al. [2012], we required the 

viscosities of the mantle wedge to be about one order of magnitude lower than those of 

the oceanic mantle (Table 4.1). 

We used the spherical-Earth finite-element code PGCviscl-3D developed by J.H. The 

code uses 27-node isoparametric elements throughout the model domain. The effect of 

gravitation is incorporated using the stress-advection approach [Peltier, 1974]. Coseismic 

rupture and afterslip are simulated using the split-node method [Melosh and Raefsky, 

1981]. Time (t) integration is performed using a fully implicit algorithm, with time steps 

no greater than 0.01k for t < k and no greater than 0.01M for t < 0.5M. The parallel 

code has been extensively benchmarked against analytical deformation solutions for 

elastic, Maxwell and Burgers materials and applied to subduction zone earthquake cycle 

modelling [Wang et al., 2012; Hu and Wang, 2012]. 

The central part of the element mesh for the Tohoku-oki model is shown in Figure 

4.5. The subduction fault geometry was constrained by earthquake relocation results and 

seismic reflection profiles [Nakajima and Hasegawa, 2006; Kita et al., 2010; Zhao et al., 

2009] and is similar to what was used in Iinuma et al. [2012]. We accounted for the 

presence of a cold and stagnant nose of the mantle wedge [Wada and Wang, 2009; 

Yamamoto et al., 2011] and its sharp landward termination [Wada et al., 2011] by adding 

a triangular region to the elastic upper plate in the forearc (Figure 4.2c and Figure 4.5). 
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Studies of fault processes indicate that the distinction between shear along a thin 

fault plane and within a broader shear zone becomes blurry at large depths [Noda and 

Shimamoto, 2012]. Much of the afterslip is actually shear deformation that gradually 

spreads over a shear zone that thickens with increasing depth. In our model, between the 

elastic cold nose and the elastic slab is a layer of viscoelastic mantle material that 

thickens with increasing depth (Figure 4.2c and Figure 4.5). This layer approximates the 

deeper fault zone to a depth of 70 km. Deeper than 70–80 km, the mantle wedge is fully 

coupled with the slab, that is, there is no longer a fault zone that accommodates localized 

shear such as afterslip [Wada and Wang, 2009]. 

Recent studies suggest mechanical decoupling at the lithosphere-asthenosphere 

boundary (LAB) [Kawakatsu et al., 2009; Rychert and Shearer, 2009; Fischer et al., 

2010], due to the presence of either fluids [Karato, 2012] or partial melts [Sakamaki et 

al., 2013; Schmerr, 2012]. We thus introduced a thin layer of low viscosity underlying the 

elastic oceanic plate to approximate this effect (Figure 4.2c and Table 4.1). This 

approximate LAB layer decreases the ratio of vertical to horizontal postseismic 

displacements at the seafloor. Compared to models without this layer, our model predicts 

smaller postseismic subsidence in the rupture area and is generally more consistent with 

observations. However, because of the much larger errors in observed vertical 

deformation, we did not try to fit the vertical data precisely. 

 

Assigning coseismic slip and afterslip 

In Iinuma et al. [2012], terrestrial and seafloor GPS and ocean bottom pressure data 

were inverted using a model of a planar fault to determine the coseismic slip distribution. 

We mapped the slip vectors onto our 3D curved fault surface. The original slip model 

used a straight line to represent the trench, resulting in a gap between the model rupture 

zone and the actual curved trench or some slip seaward of the trench. We filled the 

artificial trench gap by extrapolating slip values from the model rupture zone (Figure 

4.1a), and the additional slip resulted in a larger seismic moment and surface 

displacements. We scaled the fault slip to 92% of its original values in order to match the 

GPS observations (Figure 4.1a). We have developed postseismic deformation models 
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using other published rupture models. Different coseismic slip distributions require 

slightly different mantle viscosity values in order to fit the GPS data, but all lead to the 

same main conclusions. 

The afterslip model shown in Figure 4.1b (contours) was revised from the model of 

afterslip 8 months after the earthquake developed in Ozawa et al. [2012]. Because the 

model of Ozawa et al. [2012] assumed a purely elastic Earth, postseismic deformation 

caused by viscoelastic relaxation was also attributed to afterslip, resulting in over-

estimated afterslip. Therefore, we scaled down the afterslip values when assigning them 

to our finite element mesh. Unlike the uniform scaling ratio used for coseismic slip, we 

needed to use a smoothly variable function for the afterslip scaling. With trial-and-error, 

the scaling factor was determined to be ~0.05 downdip of the main rupture zone at ~60–

70 km depth, ~0.35 to the north of the main rupture zone, and ~0.7 to the south of the 

main rupture zone. For the temporal evolution of the afterslip, we used the power-law 

function reported in Hu and Wang [2012] with a characteristic timescale of 1.5 years. 

Our model does not include any shallow afterslip near or breaching the trench. For 

our main corridor of interest, the assumption of no shallow afterslip is supported by the 

fact that a postseismic thermal-sensor monitoring string deployed in a near-trench 

borehole was retrieved intact [Fulton et al., 2013], indicating no trench-breaching 

afterslip at this site during the monitoring period (16–24 months after the Tohoku-oki 

earthquake). If there is significant shallow afterslip before the monitoring period or in 

other parts of our main corridor of interest, the actual landward motion of sites GJT3, 

MYGI and KAMS due to viscoelastic relaxation should be even faster than shown by the 

GPS data. For this reason, our model represents a minimum estimate of the effect of 

viscoelastic relaxation. 

 

Model using the viscosity values of Wang et al. [2012] 

Testing model B (Table 4.1) shows why we cannot use the viscosity structure and 

values used in Wang et al. [2012]. A mantle wedge Maxwell viscosity of 10
19

 Pa s was 

used in Wang et al. [2012] for a study of longer-term postseismic deformation. If the 
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same value is used in our model, it is possible to explain cumulative GPS displacements 

observed at a specific time (Figure 4.6) but very difficult to explain the time-dependent 

evolution of the deformation field (Figure 4.7). 

 

Seafloor/acoustic observation at GJT3 

GJT3 operated by Tohoku University is the most important seafloor GPS site in this 

study because it is the nearest to the trench. The basic concept of the GPS/acoustic 

technique used by Tohoku University to make seafloor geodetic measurements was 

developed originally by the Scripps Institution of Oceanography [Spiess, 1985; Fujimoto, 

2014]. The technique measures the horizontal displacement of the virtual seafloor 

benchmark, the centre of an array of at least three seafloor precision transducers (PXPs), 

by repeated surveys using a sea surface platform equipped with GPS antennas and an 

acoustic transducer [Kido et al., 2006]. Two survey methods can be used. In the fixed-

point survey method, routinely used by Tohoku University, the surface platform is placed 

above the centre of the PXP array. If the array geometry does not change with time, the 

fixed-point survey method can be used to monitor the horizontal motion of the virtual 

benchmark. In the moving survey method, routinely used by JCG [Sato et al., 2013], the 

platform moves around each individual PXP to determine its absolute position. This 

procedure is more robust because no assumptions on PXP array geometry are required, 

but it is very time consuming. 

Given precise position of the surface platform, two-way travel times between the 

platform and the PXPs, and knowledge of temporal variations in underwater sound speed, 

the horizontal position of the array is determined by simultaneous ranging of a single 

acoustic ping to all the transponders [Kido et al., 2008]. If the sound speed structure is 

horizontally stratified, this method is expected to give reliable estimates of the array 

position. However, temporal changes and three-dimensional heterogeneities of the sound 

speed structure often cause the position measurements to fluctuate. During a campaign, 

we take an ensemble mean of many measurements to estimate the array position, such 

that much of the effects of the sound speed anomalies are averaged out. 
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Within the first two years after the Tohoku-oki earthquake, Tohoku University 

conducted four campaign surveys at GPS/acoustic station GJT3, located above the main 

rupture area (Figure 4.1). The first measurement, made in April 2011, showed a 

displacement of about 31 m due mainly to coseismic motion [Kido et al., 2011]. This and 

the two subsequent surveys in 2012 used only the fixed-point method because of limited 

ship time allocation. In 2013, we used the moving survey method to reassess the array 

geometry at this site while continuing to use the fixed-point method to determine the 

position of the virtual seafloor benchmark. The moving survey results indicated that the 

PXP array geometry had changed, most likely during the earthquake. Given the proximity 

of the site to the peak rupture area (Figure 4.1), this finding is not surprising. For the very 

large coseismic displacement [Kido et al., 2011], errors due to incorrectly assuming rigid 

array geometry are negligibly small. For the much smaller postseismic displacements, 

however, this assumption leads to significant errors. We conclude that the postseismic 

motion of GJT3 based on the fixed-point survey results of 2012 alone [Osada et al., 2012] 

had yielded an incorrect direction of motion. There is no obvious reason why the array 

geometry would have suffered further significant distortion after the earthquake. 

Therefore, in the present study, we reprocessed all the postseismic data using the PXP 

geometry newly determined in 2013. 

The JCG array positions shown in Figures 4.1 and 4.3 were determined by averaging 

the positions of individual PXPs. Without invoking fixed-point survey, a large amount of 

ship time is required in order to minimize errors caused by the uncertainties of individual 

PXP locations. However, because no assumptions about array geometry are involved, the 

locations of the seafloor benchmark estimated by JCG are minimally affected by potential 

coseismic distortion of array geometry. 

Regardless of the survey method, uncertainties in the position of individual PXPs can 

be a source of error in estimating the array position. When a fixed-point survey is made 

near the array centre, uncertainties in PXP positions do not affect the estimation of the 

array position. However, the estimation error rapidly increases with the offset of the 

surface platform from the array centre. Keeping the platform at the centre was especially 
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difficult during the survey in April 2011 when large amounts of tsunami debris drifted 

around the site and prevented the research vessel from staying at the optimum location. 

Another factor we have to take into account is site displacement caused by nearby 

major aftershocks. An Mw 7 intraslab earthquake occurred on 10 July 2011, and had a 

strike-slip mechanism. The epicentre is only about 20 km from GJT3 and induced 

coseismic displacement that cannot be ignored. Its fault location was defined by the 

aftershock distribution precisely determined with an ocean bottom seismic network 

[Obana et al., 2013], and its slip model was estimated from near-field tsunami waveforms 

[Kubota et al., 2012]). Using this information, we estimated that the displacement of 

GJT3 due to this event was 2.0 cm westward and 6.6 cm southward. 

Figure 4.8 shows the PXP array configuration at GJT3. Excluding PXPs EJ16 and 

EJ23, which were installed for testing purposes, the PXPs form an equilateral triangle 

with side length of ~2.5 km. Two PXPs (EJ15 andEJ22) are collocated at one of the 

apexes. Since the array position can be determined using the fixed-point observation with 

three seafloor PXPs, we can have two different sub-arrays: subarray 1, composed of 

PXPs EJ15, EJ12 and EJ13, and sub-array 2, composed of PXPs EJ22, EJ12 and EJ13. 

Figure 4.9 shows the time series of the array positions of the two sub-arrays after a 

correction for the effect of the 2011 Mw 7 earthquake discussed above. Position error in 

each campaign is estimated from the root-mean-squares of position measurements around 

the mean position and uncertainties in PXP positioning. Here, we assumed that the PXP 

positions determined by the moving survey method contain 1 m uncertainties, based on 

uncertainties in the sound speed of the order of 0.01% and the slant ranges from the 

surface platform to PXPs at ~4,000 m. Consistency between the two sub-arrays suggests 

the robustness of the results. 
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4.3. Supplementary Material 

 

 

Figure 4.4. Illustration of the Burgers rheology used in this work. The Burgers rheology 

is represented by a serial connection of a Maxwell fluid of viscosity ƞM and rigidity M 

and a Kelvin solid of viscosity ƞK and rigidity K. M and K are Maxwell and Kelvin 

relaxation times, respectively. 
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Figure 4.5. Central part of the finite element mesh for modelling deformation associated 

with the Tohoku-oki earthquake. Darker layers represent elastic plates. The LAB layer is 

highlighted in yellow. Structural details are shown in Figure 4.2c. GPS sites used to 

constrain the model in this work are shown in red. Elements near the trench are too fine 

to be discerned at this plotting scale and hence collectively appear as a blue region. 
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Figure 4.6. Postseismic (1 year) deformation results of model B in Table 4.1. Otherwise 

the figure is the same as Figure 4.1b. Time series at sites marked with a green circle are 

shown in Figure 4.7. 
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Figure 4.7. East component of postseismic displacements of model B in Table 4.1. 

Otherwise the figure is the same as Figure 4.3. Locations of the GPS sites are shown in 

Figure 4.6. 
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Figure 4.8. Layout of PXPs (precision transponders) at seafloor GPS site GJT3. Grey 

filled circles are PXPs installed for testing purposes [Kido et al., 2011], not used in this 

work. 
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Figure 4.9. Postseismic survey results for seafloor GPS site GJT3. (a) East component 

Dx. (b) North component Dy. Open symbols for the first measurement show array 

position before the effect of the Mw 7.0 intraslab earthquake on 10 July 2011 was 

removed. Sub-array 1 includes PXP EJ12, EJ13 and EJ15, and sub-array 2 includes PXP 

EJ12, EJ13 and EJ22 (Figure 4.8). The straight solid and dashed lines show linear trends 

of survey results of sub-array 1 and sub-array 2, respectively, with resultant average 

velocities Vx and Vy for the east and north components, respectively. The red curves 

show a logarithmic function fit to the survey results. 
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Table 4.1. 3D model parameters 

 

  Model Mantle wedge 

viscosity (Pa s) 

Oceanic mantle 

viscosity (Pa s) 

LAB layer 

viscosity (Pa s) 

ƞK ƞM ƞK ƞM ƞK ƞM 

A 2.5×10
17 1.8×10

18 2.0×10
18 1.0×10

20 2.5×10
17 2.5×10

17 

B 5.0×10
17 1.0×10

19 5.0×10
17 1.0×10

20
 Not applicable 

 

Here ƞK and ƞM are transient (Kelvin) and steady-state (Maxwell) viscosities, 

respectively. In both models, the elastic upper plate landward of the cold nose (Figure 

4.2c) and the lower plate are of thicknesses 25 km and 45 km, respectively, both with 

rigidity 48 GPa. Rigidity of the Maxwell body of the viscoelastic mantle is 64 GPa. 

Rigidity of the Kelvin body is 136 GPa in model A and 64 GPa in model B (the same as 

Wang et al. [2012]). The Poisson’s ratio and rock density are 0.25 and 3,300 kg m
-3

, 

respectively. LAB, lithosphere-asthenosphere boundary. 
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Chapter 5. Effects of Viscoelastic Relaxation on Afterslip 

Determination 

This chapter is the second of three chapters addressing how Earth rheology and fault 

behaviour control time-dependent crustal deformation following great subduction 

earthquakes. The main body of this chapter consists of a published journal article [Sun 

and Wang, 2015] that systematically examines the effect of viscoelastic relaxation on the 

short-term postseismic deformation of great subduction earthquakes. Special attention is 

paid to how the incorporation of mantle viscoelasticity, when compared to using purely 

elastic models, improves the estimate of afterslip at shallow depths near the trench. 

Section 5.1 describes basic article information. Section 5.2 presents the article itself.  

 

5.1. Article Information 

5.1.1. Author and Coauthor Contributions 

Section 5.2 consists of an article published in Journal of Geophysical Research: Solid 

Earth but reformatted for the dissertation. The author of this dissertation T.S. carried out 

all the 2-D and 3-D deformation modelling of this study. Coauthor K.W. and T.S. 

together designed the study and did the writing. 

 

5.1.2. Citation 

Sun, T., and K. Wang (2015), Viscoelastic relaxation following subduction earthquakes 

and its effects on afterslip determination, Journal of Geophysical Researth: Solid Earth, 

120, doi:10.1002/2014JB011707. 
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5.1.3. Author’s Names and Affiliations 

Tianhaozhe Sun
1*

, Kelin Wang
1,2 

1
 School of Earth and Ocean Sciences, University of Victoria, Victoria, British Columbia, 

Canada V8P 5C2 

2
 Pacific Geoscience Centre, Geological Survey of Canada, Natural Resources Canada, 

9860West Saanich Road, Sidney, British Columbia, Canada V8L 4B2 

*
 Corresponding author: thzsun@uvic.ca 

 

5.1.4. Article Format 

The text and figures included in Section 5.2 are taken directly from the article 

published in Journal of Geophysical Research: Solid Earth. Sections, figures, and tables 

have been renumbered to fit the dissertation format. The original article used American 

spelling as required by the journal. To be compatible with the rest of the dissertation, all 

affected words have been changed to Canadian spelling here. References cited in the 

article are included in the bibliography of this dissertation.  

 

5.2. Viscoelastic Relaxation Following Subduction Earthquakes and its 

Effects on Afterslip Determination 

5.2.1. Abstract 

Afterslip is commonly thought to be the controlling process in postseismic 

deformation immediately following a great megathrust earthquake and is usually inferred 

from geodetic observations using purely elastic models. However, observed motion 

reversal of the near-trench area right after the 2011 Mw 9 Tohoku-oki earthquake 

demonstrates the dominance of viscoelastic relaxation of coseismically induced stresses. 

To understand the importance of incorporating viscoelasticity in afterslip determination, 

we employ biviscous Burgers mantle rheology and use finite element models to explore 

how viscoelastic relaxation in short-term postseismic deformation is controlled by 

various geometrical and rheological factors. Our results indicate that immediately after 
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large megathrust earthquakes (Mw > 8.0), viscoelastic deformation should always cause 

opposing motion of inland and trench areas and subsidence around landward termination 

of the rupture, although the rate of such postseismic motion depends on local conditions 

such as the age and hence thickness of the slab and transient mantle viscosity values. 

While elastic models may be adequate for afterslip estimation for earthquakes of Mw < 

7.5, neglect of viscoelasticity for larger events leads to overestimate of afterslip downdip 

of the rupture and underestimate of afterslip at shallower depths. Reassessing shallow 

afterslip following the 2005 Mw 8.7 Nias earthquake using 2-D viscoelastic models 

suggests that the actual afterslip may be greater than that estimated using an elastic model 

by more than 50%. Similarly, interpreting trenchward motion of some seafloor GPS sites 

following the Tohoku-oki earthquake using a viscoelastic model suggests large shallow 

afterslip outside of the main rupture area. 

 

5.2.2. Introduction 

Following a great megathrust earthquake, continuing slip (afterslip) or relocking of 

different parts of the subduction fault and relaxation of coseismicially induced stresses in 

the viscoelastic mantle (viscoelastic relaxation) continue to drive crustal deformation 

[Wang et al., 2012]. Properly assessing these processes helps us understand fault 

mechanics and Earth rheology. In particular, afterslip immediately after coseismic rupture 

provides important information on the frictional properties and slip behavior of the fault 

zone. However, the relative importance of afterslip and viscoelastic relaxation in the 

short-term postseismic deformation remains poorly understood, due mainly to the paucity 

of observations in the near field, preventing us from correctly characterizing either 

process. In this work, we investigate how viscoelastic relaxation occurs in short-term 

postseismic deformation, in order to define the appropriate rheological setting for the 

study of afterslip. 

Afterslip can be understood as velocity-strengthening stable sliding of the fault areas 

that may have undergone coseismic stress increase [Scholz, 1998; Marone et al., 1991]. 

In previous studies of afterslip, it is common to employ purely elastic Earth models, 
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based on the assumption that viscoelastic relaxation becomes important only a longer 

time after the earthquake, such as several years to decades [e.g., Pritchard and Simons, 

2006; Hsu et al., 2006; Ozawa et al., 2012; Bedford et al., 2013; Lin et al., 2013]. Recent 

seafloor observations of postseismic motion after the 2011 Mw 9 Tohoku-oki earthquake 

require that this assumption be reevaluated. Seafloor Global Positioning System (GPS) 

sites in the main rupture area were observed to have reversed their direction of motion 

from coseismic seaward to postseismic landward immediately after the earthquake [Japan 

Coast Guard and Tohoku University, 2013; Watanabe et al., 2014], opposing the 

continuing seaward motion of land-based GPS sites [Ozawa et al., 2012]. Sun et al. 

[2014] showed that this observation can be explained only by considering viscoelastic 

relaxation. They proposed that the neglect of short-term viscoelastic relaxation in 

previous studies of afterslip may have led to substantial overestimate of afterslip downdip 

of the rupture zone and underestimate of afterslip at shallower depths. 

To understand whether the viscoelastic deformation as observed immediately after 

the 2011 Tohoku-oki earthquake is commonly prevalent after other megathrust 

earthquakes and to what extent previous afterslip estimates need to be revised, in this 

work we explore the effects of various geometrical and rheological factors in this process. 

We are particularly interested in how the incorporation of viscoelastic effects improves 

the estimate of shallow afterslip near the trench, where the fault behavior can be quite 

different between different earthquakes and/or between different subduction zones [e.g., 

Fujiwara et al., 2011; Kodaira et al., 2012; Hsu et al., 2006; Hill et al., 2012]. 

This chapter is structured as follows. In Section 5.2.3, we investigate how the 

asymmetry of megathrust rupture, that is, the coseismic motion of the hanging wall being 

larger than that of the footwall, controls the evolution of stresses and deformation rates in 

the ensuing process of viscoelastic relaxation. In Section 5.2.4, we use simple models to 

explore the effects of various controlling factors on the relaxation process, such as 

viscosities, thicknesses of oceanic slab and continental lithosphere, coseismic slip 

distribution, and earthquake size. In Section 5.2.5, we provide two examples for applying 

the knowledge learned to the estimation of near-trench shallow afterslip from GPS 

observations. The first example is a simple reassessment of shallow afterslip following 
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the 2005 Mw 8.7 Nias earthquake at the Sumatra margin. We demonstrate that the 

afterslip estimated using a viscoelastic model is much larger than previously estimated 

from GPS observations using an elastic model. The second example is a preliminary 

assessment of shallow afterslip following the 2011 Mw 9 Tohoku-oki earthquake. In an 

earlier model for this earthquake [Sun et al., 2014], we used seafloor GPS measurements 

in the main rupture area to show how including the effect of viscoelastic relaxation led to 

much smaller afterslip estimates downdip of the rupture zone. Here we provide an 

estimate of the amount of shallow afterslip north and south of the main rupture area on 

the basis of observed fast trenchward motion of some seafloor GPS sites [Watanabe et al., 

2014]. Main conclusions are summarized in Section 5.2.6. 

 

5.2.3. Mechanics of Near-Field Viscoelastic Postseismic Deformation 

Rupture asymmetry of thrust earthquakes 

As qualitatively explained by Sun et al. [2014], rupture asymmetry is the core 

element of the physical process of short-term viscoelastic postseismic deformation 

following a subduction earthquake. For any shallowly positioned thrust fault, the 

coseismic motion of the hanging wall is much larger than that of the footwall. The 

rupture asymmetry is due to the presence of the free surface and the consequent stiffness 

contrast between the footwall and hanging wall. The lower stiffness of the hanging wall 

leads to larger coseismic deformation and is well known to be responsible for greater 

seismic damage on the hanging wall side of thrust earthquakes in continental settings. 

This rupture asymmetry is an integral component of the theory of edge dislocation in an 

elastic half-space. 

In Figure 5.1, we further demonstrate the asymmetry of thrust ruptures in a 

quantitative manner. For a shallowly positioned thrust fault, regardless of whether the 

rupture tapers to zero at the surface (Figure 5.1a) or breaches the surface (Figure 5.1b), 

the maximum seaward motion of the hanging wall above the fault is 2–3 times as large as 

the maximum landward motion of the footwall beneath the fault. The maximum surface 

motion of the hanging wall side can be larger than the footwall side by an order of 
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magnitude (Figure 5.1a). A much lower rigidity (50%) of the frontal portion of the 

hanging wall, which may represent a more compliant accretionary prism in a subduction 

zone [e.g., Kopp, 2013], only slightly amplifies the rupture asymmetry near the trench 

(Figure 5.1c). For a hypothetically very deeply buried thrust fault, the free surface has 

much less influence on the rupture behavior, and the coseismic deformation is more 

symmetric (Figure 5.1d). In some sense, the deeply buried thrust rupture is like a strike-

slip rupture turned sideways, with the two fault walls having a similar stiffness. As long 

as the thrust fault is shallow, our tests show that rupture asymmetry is a persistent 

behavior even if the strike length of the rupture zone is relatively small. 

 

Mantle Rheology and Finite Element Models 

To model viscoelastic stress relaxation following the above described asymmetric 

rupture, we employ a biviscous Burgers mantle rheology, as did Wang et al. [2012] and 

Sun et al. [2014]. The Burgers body (Figure 5.2), represented by a Kelvin solid in series 

with a Maxwell fluid, is a simple parameterization of the transient and steady state 

rheology [Peltier et al., 1981; Pollitz et al., 2006; Bürgmann and Dresen, 2008; Wang et 

al., 2012]. The transient rheology is widely observed in laboratory experiments and can 

explain rapid decrease in deformation rates in the first few days to years after an 

earthquake. It has been increasingly widely used to describe short-term viscoelastic 

relaxation [Pollitz, 2003; Pollitz et al., 2006; Karato, 2010; Bürgmann and Dresen, 2008; 

Wang et al., 2012; Hu and Wang, 2012; Trubienko et al., 2013; Sun et al., 2014]. 

The Kelvin solid, with rigidity µK and viscosity ƞK (Figure 5.2), describes the initial 

transient phase of viscoelastic relaxation. Upon sudden loading, it deforms as a 

Newtonian fluid at the beginning but as an elastic Hooke solid sometime after, and the 

transition is characterized by the Kelvin time K = ƞK/K. The Maxwell fluid, with 

rigidity M and viscosity ƞM, describes the steady state phase and has the opposite time-

dependent behavior. Its transition from the initial elastic behavior to the eventual viscous 

behavior is characterized by the Maxwell time M = ƞM/M. 
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Figure 5.1. Two-dimensional illustrations of asymmetric rupture of thrust earthquakes 

using a finite element elastic half-space model. Dipping red and black lines indicate fault 

geometry before and after coseismic slip, with slip distribution shown at the top. Green 

and black line markers track medium geometry before and after the rupture. (a) Rupture 

in a uniform half-space with fault slip tapering to zero at surface (dashed segment in the 

top part). (b) Same as Figure 5.1a except for a surface-breaching fault slip (solid line in 

the top part). (c) Same as Figure 5.1b except for a lower (50%) rigidity of the shaded 

portion. (d) Same as Figure 5.1a except for a hypothetically large depth designed to 

illustrate the smaller influence of the free surface. 

 

 

For numerical simulation, we use a finite element model that consists of two elastic 

converging plates and a viscoelastic mantle (Figure 5.2). Based on numerous studies as 
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reviewed by Wang et al. [2012], the steady state viscosity of the mantle wedge is about 

10
19

 Pa s. The transient viscosity is much lower, and a value of 5×10
17

 Pa s has been used 

by different researchers to model observations for the 2004 Sumatra earthquake [Pollitz 

et al., 2006; Panet et al., 2010; Hu and Wang, 2012]. We use these values for our 

reference (REF) model (Table 5.1) in this section, but we will use other values for testing 

purposes in Section 5.2.4. Because of the presence of aqueous fluids from the 

dehydrating slab and high temperatures associated with mantle flow, the continental 

mantle wedge is expected to be less viscous than the oceanic mantle [Hu et al., 2004; 

Wang et al., 2012]. However, for simplicity, here we use a uniform value for the entire 

mantle in our REF model. In this model, the thickness of both the upper plate and slab is 

30 km. Rigidity is 48 GPa for the elastic plates and 64 GPa for the mantle. Poisson’s ratio 

and rock density are assumed to be uniformly 0.25 and 3300 kg/m
3
, respectively. The 

mantle Maxwell time M = ƞM/M ≈ 5 years. 

Our models are developed in a spherical Earth coordinate system, so it is convenient 

to use degrees to measure length. The models in this section and Section 5.2.4 are centred 

at the equator, and 1° is approximately 111km. The trench is oriented in the north-south 

direction, and subduction is from east to west. Similar to Hu et al. [2004] and Wang et al. 

[2012], the lower boundary of all our models is at 500 km depth, within the mantle 

transition zone, and all the lateral boundaries are more than 500 km from the rupture 

zone. The top boundary is free, and the basal boundary is fixed. For each lateral 

boundary, displacements are fixed to zero in the normal direction but unconstrained in 

tangential directions. In a spherical Earth, there is no such thing as a plane strain or plane 

stress two-dimensional (2-D) model. When we refer to a model as being 2-D in this 

paper, we mean that the structure, material properties, and earthquake rupture are all 

uniform in the strike direction so that the problem is axisymmetric to allow a thin wedge 

to be used to represent the spherical Earth. 

 

Viscoelastic Opposing Motion Induced by Asymmetric Stresses 
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The asymmetric coseismic deformation (Figure 5.1) is elastic except for the brittle 

failure of rocks immediately around the fault, but it has a first-order control on 

subsequent viscoelastic postseismic deformation, particularly in the short term and in the 

near field. As qualitatively discussed in Sun et al. [2014], greater tension is induced in the 

hanging wall than in the incoming plate seaward of the trench by the asymmetric rupture 

(white arrows in Figure 5.2). After the earthquake, relaxation of the viscoelastic mantle 

allows the great tension in the elastic upper plate to drive the trench and inland areas to 

move toward each other. 

 

 

Figure 5.2. Model structure and rheology of the 2-D reference model REF (Table 5.1). 

Assigned coseismic fault slip is uniform (Us) in the solid segment of the shown rupture 

zone and linearly tapers to zero over the dashed segments. Orange arrows illustrate the 

asymmetric coseismic motion of the two fault walls (see Figure 5.1 and Section 5.2.3). 

Larger and smaller diverging white arrows represent different degrees of tension induced 

by the thrust rupture. The Burgers rheology applies to both the mantle wedge and the 

oceanic mantle. Symbols μ and η denote rigidity and viscosity, respectively, and 

subscripts M and K indicates Maxwell and Kelvin components, respectively. 

 

 

To provide a more quantitative description of the above process, we show in Figure 

5.3 the change of deformation rates and deviatoric stresses with time in the REF model. 

Similar to the model in Figure 5.1a, the REF model uses an idealized coseismic slip 

distribution that is uniform in the middle portion of the rupture zone but tapers linearly to 

zero in both the updip and downdip directions (orange dashed lines in Figure 5.2). 

Although unimportant for the purpose of demonstrating the physical mechanism in this 

section, details of the slip distribution have a first-order effect on near-field postseismic 
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deformation and will be discussed in section 5.2.4. Here we only consider viscoelastic 

relaxation of the earthquake-induced stresses without the influence of afterslip and fault 

relocking. 

In Figure 5.3, the velocity fields at different times after the rupture illustrate viscous 

mantle flow as a result of stress relaxation, and the stress field (of selected sections) 

shows the much greater tension of the upper plate than the incoming plate due to the 

rupture asymmetry discussed in Section 5.2.3. The velocities form two convective cells 

sharing a sinking limb. Far-field inland sites move seaward with the clockwise cell, but 

the trench area moves landward with the counterclockwise cell. The velocities decrease 

with time, but the same flow pattern is sustained. As the mantle continues to relax, the 

stresses above the landward end of the rupture become less tensile, albeit very slowly 

(Figure 5.3c). 

The model also shows that the dividing boundary between the opposing seaward and 

landward motion discussed in Sun et al. [2014] is over the above mentioned sinking limb. 

Over time, the effect of viscoelastic relaxation of earthquake-induced stresses will 

diminish, and the effect of relocking the megathrust will become increasingly dominant, 

so that this dividing boundary will migrate landward until the entire upper plate is in 

wholesale landward motion [Wang et al., 2012]. 

In this model, the viscoelastic landward motion of the above-rupture site 50 M after 

the earthquake exceeds 20% of its coseismic motion. After a real earthquake, shallow 

afterslip [Hsu et al., 2006] may offset the effect of viscoelastic relaxation, modify the 

position of the dividing boundary of landward and seaward motion, and make the 

landward motion of the trench area less obvious or even make it move the other way. 

This also means that for a meaningful study of afterslip distribution, near-field effects of 

short-term viscoelastic relaxation must be understood and accounted for. This is the 

central issue of the present study and will be further discussed in Section 5.2.5. 
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Figure 5.3. Results of model REF (Table 5.1). Postseismic velocities (red arrows) in 

response to earthquake alone, without afterslip and fault relocking. Orange part of the 

subduction interface is the rupture zone, in which slip tapers to zero at both the updip and 

downdip edges as shown in the top part of Figure 5.1. Deviatoric stresses are shown in 

the two zoom-in areas. For the material properties used in REF, M is ~5 years. 

 

 

5.2.4. Factors controlling viscoelastic opposing motion 

Because megathrust rupture is always asymmetric in the sense explained in Section 

5.2.3, the immediate viscoelastic opposing motion between the trench and land areas 

must commonly occur following subduction earthquakes. Important questions to be 
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answered include how the prevalence of this opposing motion is affected by various 

geological conditions and earthquake size and under what circumstances afterslip 

modelling can be adequately performed without including viscoelastic rheology. Models 

described in this section (Table 5.1) are designed to address these questions. For each 

model, except for the parameters being examined, all the other parameters are set to the 

same values as in REF. We will show that none of the parameter changes can change the 

fundamental behavior shown in Figures 5.3, but they affect the rates of motion in 

different parts of the system. Similar to Figure 5.3, deformation caused only by the 

viscoelastic relaxation of earthquake induced stresses is shown, without the effect of 

afterslip and fault relocking. 

 

Mantle viscosities 

Mantle viscosities strongly control the rate of postseismic motion. Variations in the 

thermal state and fluid contents and other factors may affect mantle viscosity thus can 

cause the rate of postseismic motion to differ among different subduction boundaries. Out 

of the numerous testing models, we use three of them to illustrate the viscosity effects 

(Table 5.1). 

Models VK and VM1 both employ uniform mantle viscosities. In VK, the transient 

viscosity is higher than REF, so the landward motion of the trench area is slower than in 

REF right after the earthquake (t < 0.2M). In VM1, the steady state viscosity is higher 

than REF, so the landward motion is slower than in REF a longer time after the 

earthquake (t > 0.4M) (Figure 5.4). 

In model VM2, the steady state viscosity of the oceanic mantle (1×10
20

 Pa s) is 

higher than that of the mantle wedge (1×10
19

 Pa s). In this case, the above-rupture site 

(green curve in Figure 5.4d) reverses its motion direction from landward to seaward at 

~0.2M. In comparison to VM1, the less viscous mantle wedge in VM2 results in a faster 

seaward flow of the shallow mantle wedge and hence a tendency for surface sites to 

move seaward. 
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Table 5.1. Model parameters
a 

Model Mantle   

wedge ƞK 

Mantle 

wedge 

ƞM 

Oceanic 

mantle 

ƞK 

Oceanic 

mantle 

ƞM 

Slab 

thickness 

Upper 

plate 

thickness 

Mw Figure 

No. 

REF 5×10
17

 1×10
19

 5×10
17

 1×10
19

 30 30 N.A. 5.3 

VK 1×10
18

 1×10
19

 1×10
18

 1×10
19

 30 30 N.A. 5.4 

VM1 5×10
17

 1×10
20

 5×10
17

 1×10
20

 30 30 N.A. 5.4 

VM2 5×10
17

 1×10
19

 5×10
17

 1×10
20

 30 30 NA 5.4 

ST 5×10
17

 1×10
19

 5×10
17

 1×10
19

 60 30 NA 5.5 

PT 5×10
17

 1×10
19

 5×10
17

 1×10
19

 30 40 NA 5.5 

SLIP 5×10
17

 1×10
19

 5×10
17

 1×10
19

 30 30 NA 5.6 

RL1 5×10
17

 1×10
19

 5×10
17

 1×10
19

 30 30 9.5 5.7 

RL2 5×10
17

 1×10
19

 5×10
17

 1×10
19

 30 30 9.1 5.7 

ME1 5×10
17

 1×10
19

 5×10
17

 1×10
19

 30 30 8.3 5.8 

ME2 5×10
17

 1×10
19

 5×10
17

 1×10
19

 30 30 7.9 5.8 

ME3 5×10
17

 1×10
19

 5×10
17

 1×10
19

 30 30 8.3 5.8 

SE1 5×10
17

 1×10
19

 5×10
17

 1×10
19

 30 30 7.5 5.8 

SE2 5×10
17

 1×10
19

 5×10
17

 1×10
19

 30 30 7.5 5.8 

Nias1 5×10
17

 1×10
19

 5×10
17

 1×10
20

 30 30 NA 5.9 & 5.10 

Nias2 2.5×10
17

 1.8×10
18

 2×10
18

 1×10
20

 30 30 NA 5.9 & 5.10 

Tohoku1 2.5×10
17

 1.8×10
18

 2×10
18

 1×10
20

 45 25 9.09 5.11 

Tohoku2 2.5×10
17

 1.8×10
18

 2×10
18

 1×10
20

 45 25 9.09 5.11 

a
 ƞK and ƞM are the transient (Kelvin) and steady-state (Maxwell) viscosities (Pa s). Slab 

and upper plate thicknesses are in km. Upper plate thicknesses in Nias1, Nias2, Tohoku1, 

and Tohoku2 are those apart from the cold nose (see Figure 5.9b). Rigidity of the elastic 

plate is 48 G Pa, and rigidity of the viscoelastic mantle is 64 G Pa, except in Nias2, 

Tohoku1, and Tohoku2 in which rigidity of the Kelvin body is 136 G Pa [Sun et al., 

2014]. Poisson’s ratio and density in all the models are 0.25 and 3300 kg/m
3
, 

respectively. NA = not available.  
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Figure 5.4. Results of four models with different viscosities but identical fault slip: REF, 

VK, VM1, and VM2 (Table 5.1). (a–c) Surface velocities at different times after the 

earthquake. Here M is that of the REF model (~5 years). (d) Time-dependent postseismic 

east displacement Ud, normalized by fault slip Us, of a surface site above the rupture 

zone (location shown as the solid circle in Figure 5.4c). Results for different models are 

color coded as their names in Figure 5.4d. 

 

Thicknesses of elastic plates 
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The thickness of the oceanic lithosphere varies with its age. An older lithosphere is 

cooler and hence thicker. A thicker elastic slab tends to retard the process of viscoelastic 

relaxation and thus slows the landward motion of the trench area. To demonstrate this 

“anchoring” effect, we use a model (ST) with a slab twice as thick as in REF (Table 5.1). 

Trench-normal profiles of viscoelastic east-west (E-W) surface displacements at two 

selected time points (0.2M and 4M after the earthquake) are shown in Figure 5.5a. The 

anchoring effect of the 60 km slab is so large that several near-trench sites undergo slight 

seaward motion at 4M (~20 years for ƞM =10
19

 Pa s) (blue curve in Figure 5.5a). 

Another effect of the thicker slab (not displayed) is that its greater flexural rigidity 

increases the wavelength of the spatial variations of postseismic vertical deformation. 

Compared to REF, the area of surface uplift extends much farther seaward and the area of 

subsidence extends much farther landward. However, as will be discussed in the next 

sub-section, the vertical deformation is controlled more strongly by coseismic fault slip 

distribution. 

The thickness of the lithospheric upper plate is controlled by the thermal state of the 

back-arc region. For simplicity, here we ignore the contrast between the cold fore arc and 

warm arc and back arc [Wada and Wang, 2009]. To illustrate the general role of upper 

plate thickness, we use a model (PT) with an upper plate thicker than in REF by 10 km 

(Table 5.1). The effect of a thinner upper plate is the opposite (not shown). 

In coseismic deformation, because the upper plate has a lower rigidity than the 

mantle, its larger thickness decreases the stiffness of the upper wall of the thrust system. 

Therefore, the same prescribed coseismic fault slip induces less stresses and hence 

smaller far-field displacements (not displayed here). For postseismic deformation, the 

role of the thicker upper plate is reversed. As the mantle wedge relaxes, the thicker upper 

plate results in a stiffer upper wall of the thrust system than in REF. It thus dampens the 

seaward mantle wedge flow beneath the inland area (Figure 5.3), resulting in a faster 

landward motion of the trench area (Figure 5.5b). 
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Figure 5.5. Results of models ST (blue) and PT (green) (Table 5.1) in comparison with 

REF (red) showing the effects of varying the thicknesses the slab and the upper plate on 

postseismic viscoelastic relaxation. (a) Surface displacements normalized by fault slip at 

two labelled times for slab thicknesses 30 (red) and 60 (blue) km. (b) Surface 

displacements normalized by fault slip at two labelled times for upper plate thicknesses 

30 (red) and 40 (green) km. In these models M is ~5 years. 

 

 

Downdip distribution of coseismic slip 

Subduction earthquakes exhibit a wide variety of slip distributions. The examples in 

Figure 5.6 illustrate how the slip distribution affects near-field postseismic deformation. 

Figure 5.6a reproduces the t = 0.2M velocity field of REF (Figure 5.3b), with coseismic 

fault slip peaking at some 50–150 km from the trench. The results shown in Figure 5.6b 

are also based on the REF model but with a different slip distribution in which the slip 

peaks within 50 km of the trench. The two model earthquakes have the same average slip 

(and hence moment), but the main slip area in Figure 5.6b is shallower, similar to most 

published rupture scenarios of the 2011 Tohoku-oki earthquake [Tajima et al., 2013]. 

Coseismic slip distribution determines the dividing boundary between seaward and 

landward motion, that is, the location of the sinking limb of the velocities field (Figure 

5.3). Therefore, the slip distribution strongly controls the spatial pattern of postseismic 
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subsidence (Figure 5.6). In comparison, changes in other parameters have little effect on 

the location of the dividing boundary and vertical deformation pattern (Figures 5.4 and 

5.5), although they do affect deformation rates and, in the case of slab thickness, the size 

of the areas of uplift and subsidence. 

 

Figure 5.6. Velocity field at t = 0.2M (~1 year) to illustrate the effect of coseismic slip 

distribution on postseismic relaxation. Coseismic slip distribution along the megathrust 

and area of surface subsidence at t = 0.2M are shown at the top. (a) Part of the REF 

model shown in Figure 5.3b. (b) Model with a seaward skewed slip distribution but 

otherwise the same as REF. 

 

 

Rupture length and earthquake size 

The above 2-D models, implying extremely long rupture length in the strike 

direction, allow us to investigate the physical process in a simple manner. However, real 

earthquakes have finite along-strike rupture lengths and different along-dip rupture 

widths that control earthquake size, distribution of the cosesimic stress perturbation, and 

thus evolution speed of postseismic deformation characterized by the progressive motion 

reversal away from the rupture zone [Wang et al., 2012]. In this section, we use three-

dimensional (3-D) models to illustrate the effects of finite rupture lengths and different 

earthquake sizes. These models have uniform structure and material properties along 

strike, the same as REF, but variable rupture zone geometries (Figures 5.7 and 5.8). 

Results of two models with rupture lengths 6° (RL1) and 2° (RL2) are shown in 

Figure 5.7. The two models share some common features. Immediately after the 

earthquake (t = 0.004M), all surface sites along the line of symmetry (the equator) 

behave in the same way as in the 2-D models. In map view, sites in the rupture area show 
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a pattern of landward divergent flow, while inland sites show a pattern of seaward 

convergent flow toward the downdip edge of the rupture. The area of landward motion 

shortly after the earthquake is broader than the rupture zone along strike but shrinks 

toward the rupture edge with time (dashed curves in Figures 5.7a and 5.7c). 

Figures 5.7b and 5.7d show velocities as a function of time for five upper plate sites, 

all at the same distance (1°) from the trench (green dots in Figures 5.7a and 5.7c). With 

the shrinking of the area of landward motion, sites not within the rectangular rupture area 

eventually reverses their motion direction from landward to seaward, and the time of 

motion reversal is inversely related to the distance from the rupture. The different rupture 

lengths of RL1 and RL2 give rise to differences in their viscoelastic deformation. The 

area of near-field landward motion following a longer rupture shrinks faster. 

Our tests (not all shown) indicate that shorter rupture lengths result in slower 

viscoelastic seaward motion of inland sites in both the transient and steady state phases 

and slower landward motion of the rupture area in the transient phase. The systematic 

increase in the tendency for seaward motion in the inland area with increasing rupture 

length is due to the faster seaward mantle wedge flow (Figure 5.3) as a result of the larger 

coseismic stress perturbation. 

Figure 5.8 shows 1 year (t = 0.2M) viscoelastic postseismic surface displacements 

for four earthquakes with different sizes and/or depths. Larger events (Mw > ~8) induce 

large asymmetric stresses and thus faster landward motion of the rupture area (Figures 

5.8a–5.8d). A shallower rupture (closer to the trench) (Figure 5.8d) induces greater 

postseismic landward motion of the trench and the incoming plate. For smaller 

earthquakes (Mw ~7.5), the viscoelastic effects are much less pronounced. For example, 

in the models of Figures 5.8e and 5.8f, 4 year postseismic landward motion of the rupture 

area is less than 1% of the peak coseismic slip, regardless of the rupture depth. Our tests 

using the same small earthquake rupture but with other reasonable values of mantle 

viscosities show similarly small surface motion (results not displayed). In this situation, a 

purely elastic model is acceptable in the determination of afterslip from geodetic 

observations. 
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Figure 5.7. Velocities of two models (RL1 and RL2, Table 5.1) with finite rupture 

lengths in strike direction. The models are symmetric with respect to the equator, so only 

the northern half is shown. (a and c) Velocities of surface points at 0.004M. Dashed lines 

depict the dividing boundary of landward and seaward motion at different times after the 

earthquake; surface sites east of the boundary move landward, and sites west of it move 

seaward. (b and d) Time-dependent velocities at five sites marked by green circles in 

Figures 5.7a and 5.7c, respectively. Vertical black arrow marks the time of reversal of 

motion from landward to seaward. 
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Figure 5.8. One year (~0.2M) postseismic displacements due to viscoelastic relaxation in 

six models with different rupture sizes and/or depths (Table 5.1). Slab depth at 1°W is 

about 22.5 km. The models are symmetric with respect to the equator, so only the 

northern half is shown. Magnitudes of earthquakes are based on a rigidity of 48 GPa. The 

depths of the centre of the rupture are (a–c and e) ~22.5 km, (d) ~15.5 km, and (f) ~13 

km. 

 

 

5.2.5. Assessing shallow afterslip in a viscoelastic Earth 

Viscoelastic mantle relaxation and afterslip downdip of the rupture zone both cause 

postseismic seaward motion of areas landward of the rupture zone [Hu and Wang, 2012]. 

If viscoelastic relaxation is neglected, observed postseismic motion of these areas will be 

incorrectly attributed to the deep afterslip alone, and the afterslip will be overestimated 

from geodetic observations [Sun et al., 2014].  

Closer to the trench, the effect is reversed. Here viscoelastic relaxation causes 

landward postseismic motion, as shown by Sun et al. [2014] and the tests discussed in 

Sections 5.2.3 and 5.2.4 above, but shallow afterslip still causes seaward motion. In this 

situation, if viscoelastic relaxation is neglected, the afterslip will be underestimated from 
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geodetic observations. In this section, we use two real-world examples to show how the 

incorporation of viscoelasticity affects the estimates of shallow afterslip. In the first 

example, the 2005 Nias earthquake, shallow afterslip occurred updip of the main rupture 

zone. In the second example, the 2011 Tohoku-oki earthquake, shallow afterslip occurred 

in the same depth range as the main rupture but outside of the main rupture area. 

 

Shallow Afterslip Following the 2005 Nias Earthquake 

The 28 March 2005 Mw 8.7 Nias earthquake ruptured a ~350 km segment of the 

subduction fault offshore of Sumatra (Figure 5.9a). The rupture terminated to the north 

near the southern edge of the 2004 Mw 9.2 Sumatra-Andaman earthquake rupture [Briggs 

et al., 2006] and to the south at a creeping segment of the megathrust [Konca et al., 2008; 

Chlieh et al., 2008]. 

At the time of the earthquake, three continuous GPS sites located on fore-arc islands 

recorded up to ~4.5 m seaward displacement right above the rupture [Hsu et al., 2006; 

Briggs et al., 2006]. After the earthquake, these and additional new sites continued to 

move seaward and accrued up to 0.8 m horizontal displacement (site LHWA) over 9 

months (Figure 5.9a) [Hsu et al., 2006]. This pattern of postseismic deformation is well 

explained by shallow afterslip updip of the rupture, and the amount of afterslip was 

estimated from the GPS data using an elastic model [Hsu et al., 2006] (Figure 5.9a). The 

inferred shallow afterslip is evidence for the velocity-strengthening behavior of the 

shallow megathrust in this area [Wang and Hu, 2006; Hu and Wang, 2008], and the Nias 

model is a classic example for the traditional seismogenic zone model in which the 

shallow segment of the megathrust resists coseismic rupture but slips aseismically 

afterward [Wang, 2013]. 

Here using a 2-D model profile crossing site LHWA (Figure 5.9b), we illustrate that 

the argument of Hsu et al. [2006] for the presence of large shallow afterslip is further 

strengthened if we incorporate the effects of viscoelastic relaxation. For the purpose of 

this paper, it suffices to provide an order of magnitude estimate of the contribution of 

viscoelastic relaxation to surface deformation over the 9 month observation period 
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considered by Hsu et al. [2006]. A full-blown model that inverts GPS time series for the 

temporal evolution of the afterslip using Green’s functions derived in a 3-D viscoelastic 

subduction system awaits future studies. 

 

Figure 5.9. (a) Coseismic slip of the 2005 Mw 8.6 Nias earthquake, observed postseismic 

GPS displacements (red arrows) over the first 9 months, and afterslip inferred from these 

observations using an elastic model [Hsu et al., 2006]. (b) Structure of 2-D viscoelastic 

models (Nias1 and Nias2 in Table 5.1) along the green dashed corridor used to derive 

results shown in Figure 5.10. A weak layer below the slab (light shading), the same as in 

the Tohoku-oki model of Sun et al. [2014], is used only in Nias2. Note that “Figure 9b” 

in (a) refers to the figure numbering in the published article. For this dissertation, it 

should be interpreted as “Figure 5.9b”. 

 

For our 2-D model profile, we employ the fault geometry compiled by Chlieh et al. 

[2008] using relocated earthquakes and megathrust earthquake focal mechanisms (Figure 
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5.9b). Following Sun et al. [2014], we use a thickened elastic upper plate in the fore arc 

to account for the mechanical effect of a cold nose of the fore-arc mantle wedge (Figure 

5.9b) [Wada and Wang, 2009]. Similar to the finite element model of postseismic 

deformation of the 2004 Mw 9.2 Sumatra-Andaman earthquake by Hu and Wang [2012], 

we set the thickness of the subducting slab at 30 km. Hu and Wang [2012] used a 40 km 

thick upper plate, but we use a smaller thickness of 30 km in conjunction with the much 

thicker portion that represents the cold nose of the mantle wedge. 

 

 

Figure 5.10. Two-dimensional models to illustrate the effects of including and not 

including viscoelasticity in estimating afterslip for the 2005 Nias earthquake. Arrows 

show model-predicted postseismic displacements over the first 9 months (same period as 

for the GPS observations shown in Figure 5.9a). (a) Downdip distributions of coseismic 

slip and afterslip of Hsu et al. [2006] along the model corridor shown in Figure 5.9a and 

revised afterslip (1.7 times the original) after including viscoelastic relaxation. (b) 

Deformation caused by Hsu et al.’s [2006] afterslip in an elastic model. The 2-D model 

prediction at site LHWA (green) is in agreement with GPS observation except for some 

exaggeration due to the neglect of 3-D effects. (c and e) Deformation caused by 

viscoelastic relaxation alone in two viscoelastic models (Table 5.1). (d and f) 

Deformation in the same models as in Figures 5.10c and 5.10e, respectively, but also 

including the revised afterslip. 
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We test two viscoelastic models (Table 5.1). Model Nias1 is based on the Sumatra 

model of Hu and Wang [2012] in which the Kelvin mantle viscosity is 5.0×10
17

 Pa s and 

the Maxwell viscosities of the mantle wedge and oceanic mantle are 10
19

 Pa s and 10
20

 Pa 

s, respectively. Model Nias2 is similar to the Tohoku-oki model of Sun et al. [2014] and 

features much lower viscosities, with the Kelvin and Maxwell viscosities of the mantle 

wedge being 2.5×10
17

 Pa s and 1.8×10
18

 Pa s, respectively, and a low-viscosity (2.5×10
17

 

Pa s) layer below of the slab. As discussed in Sun et al. [2014], the lower viscosity values 

required by the Tohoku-oki model, especially that of the steady state viscosity, imply that 

the transient phase of postseismic viscoelastic relaxation may be more complex than can 

be described by the biviscous Burgers’ rheology and may last longer than previously 

thought. Other material property parameters are the same as in the REF model (Table 

5.1). 

We apply the coseismic slip and afterslip values of Hsu et al. [2006] along the 

corridor shown in Figure 5.9a to our 2-D model (Figure 5.10a) and compare resultant 

deformation fields obtained using a purely elastic model (Figure 5.10b) and using the two 

viscoelastic models (Figures 5.10c–5.10f). Because we neglect 3-D effects in this 

exercise, we should not compare model results directly with observed displacement of 

site LHWA but should only examine how including or not including viscoelastic 

relaxation affects model displacement at this site (green arrow in Figures 5.10b, 5.10d, 

and 5.10f), as well as in the rest of the model domain. 

A purely elastic model (Figure 5.10b) produces larger displacement at LHWA than 

that of Hsu et al. [2006] (Figure 5.9a) because of the neglect of 3-D effects as discussed 

above. In both the viscoelastic models, the effect of viscoelastic relaxation alone without 

afterslip (Figures 5.10c and 5.10e) results in the same pattern of opposing motion as 

shown by models in Sections 5.2.3 and 5.2.4 and causes site LHWA to move landward, 

opposite of its observed seaward motion. In order to explain the observed seaward motion 

of LHWA using these viscoelastic models, we need to apply an afterslip much larger than 

required by the elastic model of Figure 5.10b. By using afterslip values 1.7 times those of 

Hsu et al. [2006] (Figure 5.10a), we have obtained the results shown in Figures 5.10d and 
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5.10e. With the greater afterslip, these models predict essentially the same amount of 

seaward motion of LHWA as in the elastic model of Figure 5.10b. In a more complete 3-

D model, the incorporation of viscoelastic relaxation will have the same effect, and 

afterslip values required to explain all the GPS observations will need to be scaled up in 

this fashion from those based on the original 3-D elastic model. The resultant much 

greater shallow afterslip lends stronger support for the argument of Hsu et al. [2006] 

regarding the velocity-strengthening behavior of the shallow segment of the megathrust. 

 

Shallow Afterslip Following the 2011 Tohoku-Oki Earthquake 

The 2011 Mw 9.0 Tohoku-oki earthquake occurred offshore of northeast Japan with a 

very large coseismic fault slip (> 50 m) at shallow depths that breached the trench [e.g., 

Tajima et al., 2013; Iinuma et al., 2012; Fujiwara et al., 2011; Kodaira et al., 2012; Kido 

et al., 2011; Sato et al., 2011]. After the earthquake, seafloor GPS sites in the main 

rupture area and near the trench quickly reversed their motion to move landward, 

opposing the continuing seaward motion of land-based GPS sites [Japan Coast Guard and 

Tohoku University, 2013; Watanabe et al., 2014]. The landward motion of the seafloor 

sites provides unambiguous evidence for the prevalence of viscoelastic relaxation in 

short-term postseismic deformation [Sun et al., 2014]. The viscoelastic model of Sun et 

al. [2014] (Figure 5.11a) requires much less deep afterslip than estimated from land-

based GPS data using elastic models [Ozawa et al., 2012; Silverii et al., 2014]. The lack 

of deep afterslip is complementary to the accelerated fault creep downdip of the rupture 

zone prior to the Tohoku-oki earthquake inferred from decade-long land-based GPS 

observations [Mavrommatis et al., 2014; Yokota and Koketsu, 2015]. 

The study of Sun et al. [2014] was focused mainly on a margin-normal corridor 

crossing the main rupture area. The behavior of the shallow megathrust seen here, that is, 

very large trench-breaching coseismic slip followed by little or no afterslip, is in sharp 

contrast with that of Nias in 2005 discussed in the preceding section, and it demonstrates 

that the traditional seismogenic zone model is not universally applicable [Wang, 2013]. 

However, Sun et al. [2014] also pointed out that the large seaward motion of site FUKU 

to the south and the lack of significant seaward motion of site KAMN to the north (Figure 
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5.11a) might be due to shallow afterslip. In this section, we modify the model of Sun et 

al. [2014] to address this issue. The results are shown in Figure 5.11b. 

 

 

Figure 5.11. One year postseismic displacements of land and seafloor GPS stations 

following the 2011 Mw 9.0 Tohoku-oki earthquake. (a) Results of the 3-D finite element 

model of the Japan Trench subduction zone of Sun et al. [2014] (figure modified from 

Sun et al. [2014]). Afterslip is contoured in metres. No shallow afterslip is included in 

this model. (b) Results obtained using the same 3-D finite element model as in Sun et al. 

[2014], but with the addition of shallow afterslip near seafloor GPS sites FUKU and 

KAMN (contours in metres) and correspondingly smaller deep afterslip. 

 

 

Besides afterslip, there is no other logical way to explain the very fast seaward 

motion of site FUKU, but the location of the fault patch that undergoes afterslip in this 

part of the margin is difficult to constrain because of the lack of a dense seafloor geodetic 

network nearby. Therefore, we do not attempt to pursue a unique solution but only to 

provide a representative scenario that demonstrates the importance of shallow afterslip 

(Figure 5.11b). In the dip direction, we infer that it is more likely that the afterslip occurs 

mostly seaward of the site, based on the observed postseismic subsidence over the first 

year at this location [Watanabe et al., 2014]. Our modelling indicates that viscoelastic 
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relaxation causes very little vertical displacement of this site, and deep afterslip can only 

lead to uplift here. The updip edge of the afterslip patch cannot be determined. For 

simplicity, we assume that it extends all the way to the trench. The northern termination 

of the afterslip patch is expected to be south of the main rupture area. To the south, the 

afterslip may extend much farther than depicted by the slip patch shown in Figure 5.11b 

and may even merge into a creeping segment of the megathrust around 36°S, where a 

seamount chain is subducting [Mochizuki et al., 2008; Wang and Bilek, 2014]. Within 

the creeping segment, a near-trench seafloor GPS site is observed to be moving seaward 

also at a relatively fast rate [Bürgmann and Chadwell, 2014]. 

The model of Sun et al. [2014] predicts landward motion of site KAMN due to 

viscoelastic relaxation (Figure 5.11a). Because mantle relaxation affects surface 

deformation at rather large wavelengths as compared with the dimension of coseismic 

rupture, it cannot produce large postseismic motion at sites GJT3 and KAMS without 

also producing significant motion at KAMN. The lack of observed large motion at 

KAMN is therefore best explained by the effect of shallow afterslip (Figure 5.11b). In 

fact, second-order temporal variations of the GPS time series at site KAMS and the faster 

than observed motion of that site predicted by the model (Figure 5.11a) were also 

attributed to local fault motion [Sun et al., 2014]. Similar to the FUKU area, the assumed 

afterslip patch near KAMN shown in Figure 5.11b only serves as one candidate among 

many possible afterslip scenarios. The current sparse seafloor geodetic observations do 

not offer adequate resolution to constrain afterslip distribution at shallow depths. Better 

understanding of shallow megathrust behavior requires more near-field observations. 

Nonetheless, the model shown in Figure 5.11b illustrates the importance of including 

viscoelasticity, as an elastic model would predict no afterslip at KAMN and unphysical 

normal-faulting-type afterslip at GJT3, KAMS, and MYGW. 

 

5.2.6. Conclusions 

Among all the processes controlling short-term postseismic deformation following 

great subduction earthquakes, afterslip and viscoelastic relaxation are of first-order 
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importance but their relative contribution remains unclear. Afterslip is determined from 

geodetic observations commonly by using a purely elastic Earth model, assuming 

viscoelasticity is less important in the short-term postseismic deformation. But recent 

seafloor geodetic observations following the 2011 Mw 9 Tohoku-oki earthquake provided 

unambiguous evidence for the dominant role of viscoelastic relaxation [Sun et al., 2014]. 

To understand whether viscoelastic relaxation is universally prevalent after subduction 

earthquakes and how it influences afterslip determination, we have conducted a 

systematic numerical study of postseismic viscoelastic deformation as controlled by 

various geometrical and rheological factors and earthquake sizes. We have also 

investigated shallow afterslip processes after the great 2005 Nias and 2011 Tohoku-oki 

earthquakes using viscoelastic models. Here we draw the following conclusions. 

1. Earthquake size is among the most important factors for determining whether 

viscoelastic relaxation can be ignored in afterslip determination. In our model tests with 

different mantle viscosities and earthquake rupture depths, viscoelastic deformation 

following events of Mw > ~8 is always large and cannot be ignored. However, 

viscoelastic deformation following earthquakes of Mw < 7.5 is usually small, such that 

afterslip determined in a purely elastic model can be a reasonable approximation. 

2. Postseismic deformation due to viscoelastic relaxation shows a characteristic 

pattern (Figure 5.3). Above the area of downdip rupture termination, the surface 

(seafloor) undergoes postseismic subsidence, and the inland and trench areas at the two 

sides move toward each other, such as observed after the 2011 Mw 9 Tohoku-oki 

earthquake. Postseismic deformation not showing the landward motion of the rupture 

area, such as after the 2005 Mw 8.7 Nias earthquake and in some part of the Japan Trench 

after the 2011 Mw 9 Tohoku-oki earthquake, indicates large afterslip at shallow depths 

that locally offsets the effect of the viscoelastic relaxation. 

3. Various rheological and geometrical factors affect the rates and spatial 

wavelengths of short-term viscoelastic deformation. A lower transient mantle viscosity, a 

thinner slab, and a thicker upper plate all lead to faster landward motion of the rupture 

area, although a low value of steady state viscosity for the mantle wedge and/or a high 

value for that of the oceanic mantle may retard the landward motion at some later time. 
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Lower mantle viscosities cause faster postseismic subsidence near the landward edge of 

the rupture, and a thicker slab can cause the subsidence to occur over a wider area. It is 

important to emphasize that both the rate and spatial wavelength of postseismic 

subsidence are strongly controlled by the pattern of coseismic slip distribution (Figure 

5.6). The different effects of various factors reflect the complexity of the physical process 

and hence difficulty in precisely constraining mantle rheology using current geodetic 

observations. More offshore geodetic observations near the trench and the megathrust 

seismogenic zone at different margins are urgently needed. The numerical results of this 

work may provide some guidance for the development of future observation strategies. 

4. Afterslip, whether deep or shallow, always causes seaward motion of the surface, 

whereas viscoelastic relaxation causes opposing motion of the trench area and the area 

landward of the rupture zone. Therefore, compared to purely elastic models, afterslip 

determined using viscoelastic models should be smaller downdip of the rupture zone but 

larger at shallower depths. Our reassessment of the postseismic deformation following 

the Nias earthquake using simple 2-D viscoelastic models suggests that the actual 

afterslip may be greater than previously estimated using an elastic model by > 50%, 

further strengthening the dominance of shallow afterslip after this earthquake as argued 

by Hsu et al. [2006]. 

 

5.2.7. Acknowledgements 

We thank J. He for developing the finite element code used in this work and Y. Hu, 

R. Hino, and T. Iinuma for fruitful discussions. T.S. was supported by a University of 

Victoria PhD Fellowship, an Alexander and Helen Stafford MacCathy Muir Graduate 

Scholarship, and Bob Wright Graduate Scholarships and a Natural Sciences and 

Engineering Research Council of Canada discovery grant to K.W. This is Geological 

Survey of Canada contribution 20140354. 

 



 

 

107 

Chapter 6. Crustal Deformation Following Global Great 

Subduction Earthquakes 

This chapter is the third and final one of three chapters addressing how Earth 

rheology and fault behaviour control time-dependent crustal deformation following great 

subduction earthquakes. The main body of this chapter consists of the first draft of a 

manuscript in preparation for submitting to a journal. By comparatively studying ten Mw 

8-9.5 earthquakes around the world, this work systematically examines the evolution of 

postseismic opposing crustal motion due primarily to viscoelastic relaxation and fault 

relocking. Special attention is paid to the effect of earthquake size on the duration of the 

opposing motion, but effects of other site-specific factors are also investigated. Section 

6.1 describes basic manuscript information. Section 6.2 presents the manuscript itself. 

 

6.1. Manuscript Information 

6.1.1. Author, Coauthor, and Outside Contributions 

Section 6.2 consists of the first draft of a manuscript in preparation. The author of 

this dissertation T.S. carried out most of the deformation modelling. Coauthors T.S. and 

K.W. designed the study and together did the writing. Coauthor J.H. wrote the computer 

code used for this study and provided assistance in the modelling. GNSS observations 

used in this study have all been previously published by other researchers, as referenced 

in the paper. The data were made available to us by Drs. J. Freymueller, T. Iinuma, R. 

Hino, M. Moreno, L. Feng, G. Khazaradze, J. Klotz, D. Remy, H. Perfettini, C. DeMets, 

W. Hutton, T. Nishimura, and M. Bevis, and Y. Itoh, F. Tomita, Shanshan Li, and 

Shaoyang Li. 
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6.2. Crustal deformation following great subduction earthquakes controlled 

by earthquake size and mantle rheology 

6.2.1. Abstract 

After a great subduction earthquake, while afterslip continues to cause seaward 

motion of surface sites, viscoelastic stress relaxation causes opposing motion, with the 

dividing boundary located roughly above the downdip termination of the rupture. As the 

effect of the viscoelastic relaxation decays with time, the effect of the relocking of the 

megathrust becomes increasingly dominant to cause the dividing boundary to migrate 

away from the rupture zone, eventually leading to wholesale landward motion of the 

surface. A higher mantle viscosity generally leads to slower viscoelastic relaxation which 

is manifested as longer-lived opposing motion and slower landward migration of its 

dividing boundary. A larger earthquake also leads to slower relaxation, because it induces 



 

 

109 

a greater coseismic stress perturbation, and its typical longer rupture length results in 

inefficient postseismic viscous mantle flow in the strike direction. As end-member 

examples, the geodetically observed opposing motion following the 1960 Mw 9.5 Chile 

earthquake is long-lived and is still continuing today, but that of the 1995 Mw 8.0 

Antofagasta earthquake was short-lived and lasted for only one year. To understand the 

contributions from the different processes, we employ 3-D spherical-Earth finite element 

models of Burgers rheology to study ten 8.0 ≤ Mw ≤ 9.5 subduction earthquakes. Using 

geodetic data of limited spatial and temporal coverages as constraints, we develop 

spatiotemporally continuous evolution of postseismic deformation for each earthquake. 

The continuous patterns enable comparisons of deformation processes among different 

earthquakes at common reference location. Using a reference location landward of the 

rupture and 175 km from the trench, we examine the “reference time” when the dividing 

boundary of opposing motion migrates through this location. The model results 

demonstrate  the first-order dependence of the reference time on earthquake size, with a 

longer reference time following a larger earthquake. Our models suggest that other site-

specific factors, such as subduction rate, locking state of the megathrust, and afterslip, 

can also affect postseismic deformation. Upper mantle viscosities constrained by 

available geodetic observations show somewhat different values between subduction 

zones far from each other. 

 

6.2.2. Introduction 

Following a great subduction earthquake, crustal deformation continues to evolve, 

due to continuing slip (afterslip) of various parts of the subduction fault, relocking of the 

fault, and relaxation of the coseismically induced stresses in the viscoelastic upper mantle 

(viscoelastic relaxation). Each of these processes plays a dominant role at a given time, 

and their combination gives rise to different deformation patterns at subduction zones that 

are presently at different times after a great earthquake. From these different patterns, 

each representing a different stage of the earthquake deformation cycle, a common 

evolution history can be pieced together, at least for very large earthquakes [Wang et al., 

2012]. This deformation cycle starts with opposing motion of the land and trench areas 
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immediately after the earthquake [Sun et al., 2014]. The dividing boundary of the 

opposing motion then gradually migrates landward, eventually leading to wholesale 

landward motion, similar to the interseismic situation before the earthquake [Wang et al., 

2012]. Over the past two decades, the Global Navigation Satellite Systems (GNSS), 

especially the Global Positioning System (GPS), have yielded geodetic observations of 

crustal deformation associated with a number of subduction earthquakes and thus enable 

us to examine this issue in a systematic manner.  

In this work, we conduct a comparative study of postseismic deformation following 

great to giant (Mw 8-9.5) earthquakes. Building on the study of Wang et al. [2012] which 

examined three Mw ≥ 9 earthquakes, we include seven 8 ≤ Mw < 9 events and two 

additional Mw ≥ 9 events, thus providing a rather complete documentation to date of 

geodetically constrained postseismic deformation of Mw ≥ 8 subduction earthquakes. For 

each earthquake, we review critical postseismic geodetic observations and construct 

three-dimensional (3-D) finite element models to simulate the postseismic deformation 

process. Compared to most previous studies that are usually focused on individual 

earthquakes, a global study of this type will better illuminate the common physical 

process. It may also help understand what and how site-specific factors in terms of 

rheology, structure, and plate kinematics affect the earthquake deformation cycle. 

The aforementioned opposing motion begins immediately after the earthquake. 

While most of the upper plate adjacent to the rupture zone moves seaward, the near-

trench area just above the rupture zone moves backwards in the opposite direction. The 

primary cause for this opposing motion is viscoelastic relaxation of the stresses 

asymmetrically induced by the megathrust earthquake; that is, the earthquake induces 

much greater tension landward than seaward of the rupture zone [Sun and Wang, 2015]. 

Seafloor GNSS observations following the 2011 Mw 9 Tohoku-oki earthquake show the 

dividing boundary of the opposing motion to be located roughly above the downdip 

termination of the rupture zone [Watanabe et al., 2014; Sun et al., 2014], where the 

greatest incremental tension was generated by the earthquake [Sun and Wang, 2015]. 

Because the effect of megathrust relocking becomes increasingly dominant as the effect 

of viscoelastic relaxation decays with time, landward motion gradually prevails. The 
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dividing boundary thus migrates landward, which can be observed as progressive reversal 

of GNSS sites away from the trench [Wang et al., 2012]. Geodetic observations at 

Southern Chile and Alaska, nearly half a century after the 1960 Mw 9.5 Chile and 1964 

Mw 9.2 Alaska earthquakes, show that the dividing boundary of the opposing motion has 

migrated to some 200 – 300 km from the trench [Hu et al., 2004; Wang et al., 2007; 

Freymueller, 2008; Li et al., 2016]. In time, the dividing boundary in these regions will 

continue to migrate farther inland until there is no opposing motion (Figure 6.1). An 

example of the eventual wholesale landward motion is given by observations at the 

Cascadia margin today, more than 300 years after a Mw ~9 earthquake in 1700, after a 

correction for the secular motion of upper-plate crustal blocks is made [Wang et al., 

2003; McCaffrey et al., 2013]. 

We are particularly interested in the migration of the dividing boundary of the 

opposing motion. The “speed” of this migration and the spatial extent of the opposing 

motion are theoretically inferred to be associated with not only mantle rheology, but also 

the size of the earthquake [Wang et al., 2012].  Because a larger earthquake causes a 

larger stress perturbation, the ensuing viscoelastic relaxation takes longer, and the 

opposing motion involves a large area and is longer-lived [Wang et al., 2012]. Another 

reason is that a larger earthquake usually features a longer rupture along strike, so that the 

flow of mantle material during relaxation is geometrically constrained to occur 

dominantly in the dip direction [Wang et al., 2012]. For a smaller earthquake, it is easier 

for mantle materials to flow in from both ends of the rupture, and the additional along-

strike flow helps to speed up the relaxation. By synthesizing postseismic observations 

and modelling the process of opposing motion for a range of earthquake magnitudes, we 

are able to investigate systematically the effects of earthquake size, mantle rheology, 

afterslip, and megathrust locking on the evolution of the deformation. 

Besides Introduction and Conclusions, this paper is organized as follows. In Section 

6.2.3, we discuss the mantle rheology employed in our models and describe our 

modelling method and strategy. In Sections 6.2.4–6.2.6, we present model results, with 

Mw ≥ 9 earthquakes discussed in Section 6.2.4, 8.5 < Mw < 9 events in Section 6.2.5, and 

Mw < 8.5 events in Section 6.2.6. In Section 6.2.7, we investigate the relation between 
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earthquake size and duration of postseismic deformation by comparing observations and 

modelling results of all the earthquakes studied here and discuss contributions of other 

factors. 

 

6.2.3. Mantle rheology and modelling strategy 

Bi-viscous Burgers rheology 

Following our previous work [Wang et al., 2012; Hu and Wang, 2012; Sun et al., 

2014; Sun and Wang, 2015], we employ a bi-viscous Burgers rheology for the upper 

mantle in our models. The Burgers rheology is the simplest approximation of the time-

dependent mantle rheology. It can be envisioned to be serially connected Kelvin solid and 

Maxwell fluid that represent the transient rheology and steady-state rheology, 

respectively (Figure 6.1) [Peltier et al., 1981; Pollitz et al., 2006; Bürgmann and Dresen, 

2008; Wang et al., 2012]. For the purpose of identifying the first-order physical process, 

it is deemed unnecessary to invoke more complex rheologies that may involve multiple 

Kelvin components or a nonlinear relationship between stress and strain rate.  

Upon sudden loading, the Kelvin solid deforms initially as a Newtonian fluid with 

the deformation rate controlled by the transient viscosity 𝜂𝐾 but eventually transitions to 

a Hooke solid with the deformation determined by its rigidity 𝜇𝐾. The Maxwell fluid 

exhibits an opposite time-dependent behaviour, that is, initial elastic deformation 

controlled by its rigidity 𝜇𝑀 transitioning to eventual viscous deformation controlled by 

the steady-state viscosity 𝜂𝑀. The steady-state (or Maxwell) viscosity is higher than the 

transient (or Kelvin) viscosity. Accordingly, the Burgers rheology features two material 

relaxation times, with a smaller Kelvin time 𝜏𝐾 = 𝜂𝐾 𝜇𝐾⁄  and a larger Maxwell time 

𝜏𝑀 = 𝜂𝑀 𝜇𝑀⁄ .  
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Figure 6.1. Model structure, upper mantle rheology, and schematic illustration of 

postseismic deformation. (a) Model structure. An elastic “cold nose” beneath the forearc 

crust is to represent the stagnant mantle wedge [Wada and Wang, 2009]. (b) Mantle 

rheology. The Burgers rheology that can be envisioned as serially connected Maxwell 

fluid and Kelvin solid. (c) Hand-drawn illustration of horizontal motion of three sites 

(colour coded in Figure 6.1a) after an earthquake (t=0). 𝝉𝑴 is the Maxwell time of the 

mantle wedge (Section 6.2.3). (d) Time-dependent sense of horizontal motion of the three 

sites. The dividing boundary of opposing motion migrates away from the trench, leading 

to eventual wholesale landward motion. Time (in 𝝉𝑴) shown in (c) and (d) is 

approximate. 

 

Because the subduction zone system consists of geological units of different material 

properties, the timescale of its viscoelastic stress relaxation cannot be characterized by 

the material relaxation time of the upper mantle alone. Besides, the relaxation process is 

strongly dependent on the size of the preceding earthquake. Therefore, it is convenient to 

define a system relaxation time that scales with the earthquake size [Wang et al., 2012]. 

For example, for the steady-state component, the system relaxation time is 

𝑇𝑀 = (𝑀𝑜 𝑀𝑜
0⁄ )𝜏𝑀 (1) 

where 𝑀𝑜 is the seismic moment of the earthquake, and 𝑀𝑜
0 is a reference moment. 𝑀𝑜 

and 𝑀𝑊 are related by log(𝑀𝑜 𝑀𝑜
0⁄ ) = 1.5(𝑀𝑊 −𝑀𝑊

0 ), where 𝑀𝑊
0  corresponds to 𝑀𝑜

0. A 
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lower-magnitude subduction earthquake has a smaller system relaxation time and thus is 

expected to be followed by a shorter-lived opposing motion. 

 

 
 

Figure 6.2. Map showing the locations and approximate rupture areas of the ten 8.0 ≤ Mw 

≤ 9.5 subduction earthquakes (red) studied in this work and the two Mw ≥ 9.0 events 

studied by Wang et al. [2012]. See Tables 6.1 and 6.2 for further details. 

 

3-D spherical-Earth finite element model 

For numerical simulation, we use a 3-D spherical-Earth finite element model which 

employs 27-node isoparametric elements throughout the model domain. The effect of the 

gravitational force is approximately incorporated using the stress-advection approach 

[Peltier, 1974]. Fault slip, including thrust-faulting coseismic slip, afterslip, and the 

normal-faulting type backslip used for simulating the effect of megathrust locking (see 

the next sub-section), are incorporated using the split-node method [Melosh and Raefsky, 

1981]. We use small time steps (< 0.1𝜏𝐾) immediately after the earthquake to model the 

postseismic deformation in the transient phase and increasingly larger steps for later 

deformation. 
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Our models include actual subduction fault geometry and long-wavelength surface 

topography. For all the studied areas, we use the global Slab1.0 model [Hayes et al., 

2012] for the fault geometry, except for Japan Trench, Eastern Alaska, and the 

northernmost part of the Middle America Trench subduction zones, where fault 

geometries are considered to be better constrained by earthquake relocation results, 

seismic reflection profiles, or receiver function analyses of local studies (see Table 6.1 

for references). We use constant thicknesses for the elastic oceanic plate and the arc and 

backarc parts of the elastic upper plate. Similar to Sun et al. [2014], we include an elastic 

mantle wedge corner beneath the forearc crust to represent the stagnant “cold nose” of the 

mantle wedge (Figure 6.1) [Wada and Wang, 2009]. 

For the convenience of finite element mesh construction, we wish to have distant 

model boundaries to be roughly parallel or perpendicular to the average strike direction 

of the subduction zone, and we wish to have more or less parallel meridians. We 

therefore conduct a coordinate transformation for some subduction zones to have the new 

“equator” approximately normal to the trench crossing the rupture area, such as in 

Eastern Alaska, Southern Kuril, Southern Peru, and Northern Sumatra. This new 

coordinate system also makes it convenient to partition GNSS displacements and their 

time series into trench-normal and trench-parallel directions (see figures in Sections 

6.2.5-6.2.6). 

The bottom boundary of our models is at 500 km depth. The lateral boundaries are 

more than 1000 km from the rupture area and have minimal effects on model results. At 

the four lateral boundaries, the displacement is fixed in the normal direction but free in 

the tangential directions. The bottom boundary is fixed, and the top boundary is free in all 

directions.  

 

Modelling strategy 

Following Wang et al. [2001] and Hu et al. [2004], we separately model the 

“earthquake effect” and the “fault locking effect” and then combine the results to have 

the total deformation field.  
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The earthquake effect includes seismic rupture followed by viscoelastic stress 

relaxation and afterslip. Assigning a well determined static coseismic slip distribution is 

an important first step. For each earthquake, we use a published coseismic slip model if 

applying it to our finite element mesh yields surface deformation in good agreement with 

coseismic observations. For some earthquakes, we need to modify the original slip 

models by scaling up or down slip values in order to better match observations. Such 

modifications are necessitated by differences in fault geometry and/or rigidity values 

between the original models and ours. If the adaptation of published slip models cannot 

fit coseismic observations, we construct our own slip distributions using single or 

multiple elliptical patches. The spatial distribution of slip magnitude within each elliptical 

patch is assigned using the method of Wang et al. [2013], assuming a peak slip value at 

the centre of the patch and a smooth decrease of the slip value in all directions. 

Properly assessing afterslip in the viscoelastic Earth is challenging, because geodetic 

observations reflect both viscoelastic relaxation and afterslip [Sun and Wang, 2015]. 

Most published afterslip distributions for the earthquakes studied here were derived using 

purely elastic models. Studies that did consider viscoelastic relaxation, such as for the 

1964 Alaska, 2011 Tohoku-oki, 2010 Maule, and 2003 Tokachi-oki earthquakes, 

typically did not include the transient rheology and sometimes did not include a 

subducting slab. Therefore, we do not directly apply the published afterslip models. 

Instead, we determine the spatiotemporal distribution of afterslip, together with other key 

model parameters such as viscosities, via trial-and-error by visually comparing model 

results and observations. For the afterslip distribution of most earthquakes, we use 

elliptical patches as described in the previous paragraph. For the 1964 Alaska, 1995 

Jalisco, and 2001 Peru earthquakes, afterslip is not assigned because the effect of 

viscoelastic relaxation alone is adequate in explaining the basic pattern of postseismic 

observations. To define the temporal evolution, we use the cubic function described in 

Hu and Wang [2012]. The duration of the afterslip following each earthquake is reported 

in Table 6.2. 

In modelling the locking effect, we assign a constant rate of slip deficit (or backslip) 

[Savage, 1983] to the fault nodes. Full locking is simulated using a rate equal to the 
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subduction rate, and incomplete locking using a lower rate. The assigned slip deficit rate 

may change along strike as required by GNSS observations. Initially (decades to 1-2 

centuries), surface velocities change with time in response to the suddenly imposed slip 

deficit rate, but the system will eventually stabilize to a steady state. We wait until the 

surface velocities become constant, typically after more than 300 years for a Maxwell 

mantle viscosity of the order of 10
19

 Pa s. For different subduction zones, we refer to 

published locking distributions obtained by inverting interseismic GNSS velocities (see 

Table 6.1 for references), mainly for along-strike variations. Because these studies 

assumed an elastic Earth, they usually overestimate the downdip width of the locked zone 

[Wang and Tréhu, 2016; Li et al., 2015]. We use narrower locked zones in our models, 

with the slip deficit rate tapering to zero in the downdip direction to a depth no greater 

than 30-50 km. Except for the Tohoku-oki earthquake, all our GNSS observations were 

from land stations, and they usually have no sensitivity to megathrust locking or creep 

near the trench [Wang and Tréhu, 2016]. We thus use a very simple distribution of slip 

deficit rate in the dip direction and focus on studying the effect of along-strike variations.  

The campaign and continuous GNSS data included in this work have all been 

published by other researchers. We obtained digital values from the original publications 

or from their authors (see ensuing sections for individual earthquakes). Where a dense 

network of continuous GNSS sites was available, we only selected a subset of the sites 

optimally distributed to represent the spatiotemporal pattern of postseismic deformation. 

The GNSS motion is always with respect to the stable part of the upper plate. For the 

subduction zones featuring secular motion of upper-plate crustal blocks, such as northern 

Sumatra [Bradley et al., 2016] and eastern Alaska [Li et al., 2016], we applied an 

appropriate correction as will be detailed in later sections. 

To compare the observations and models of different earthquakes, we define a 

reference location landward of the rupture zone and 175 km from the trench. Our models 

constrained by available geodetic observations allow us to predict a continuous 

spatiotemporal postseismic deformation pattern. We thus can find the time after each 

earthquake when the dividing boundary of the opposing motion passes through this 

reference location. For earthquakes with very long ruptures in the strike direction, such as 
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the Mw 9.5 Chile and Mw 9.2 Alaska earthquakes, we take an average over several of 

these reference locations along strike. 

 

 

Table 6.1. Summary of subduction zone segments hosting the earthquakes studied in this 

work. 

Figure 

No. 

Subduction 

zone 

Fault geometry 

references 

Subduction 

azimuth (º) 

/rate (mm/yr)* 

Locking 

distribution 

references 

Upper-plate 

block motion 

references 

6.3 S. Chile 

(1960 Mw 

9.5) 

Hayes et al. [2012] 72/66 Moreno et al. 

[2010], Metois et 

al.[2012] 

Wang et al. 

[2007] 

6.4 E. Alaska 

(1964 Mw 

9.2) 

Li et al. [2013] 

Kim et al. [2014] 

337/54 Li et al. [2016] Li et al. [2016] 

6.5 Japan Trench 

(2011 Mw 

9.0) 

Nakajima & 

Hasegawa [2006], 

Kita et al. [2010],  

Zhao et al. [2009] 

290/80 Suwa et al. [2006], 

Hashimoto et al. 

[2009] 

NA 

6.6, 

6.7 

Chile 

(2010 Mw 

8.8) 

Hayes et al. [2012] 72/68 Chileh et al. 

[2008], Moreno et 

al. [2010] 

NA 

6.8, 

6.9 

C. Sumatra 

(2005 Mw 

8.6) 

Hayes et al. [2012] 34/45 Chileh et al. 

[2008], 

Prawirodirdjo et 

al. [2010] 

Bradley et al. 

[2016] 

6.10 N. Chile 

(1995 Mw 

8.0) 

Hayes et al. [2012] 75/65 Chileh et al. 

[2011],  

Li et al. [2015] 

NA 

6.11, 

6.12 

C. Peru 

(2007 Mw 

8.0) 

Hayes et al. [2012] 70/62 Chileh et al. 

[2011], Villegas-

Lanza et al. [2016] 

Villegas-Lanza 

et al. [2016] 

6.13 N. Mexico 

(1995 Mw 

8.0) 

Pardo & Suarez 

[1995], Suhardja et al. 

[2015] 

48/25** NA*** NA 

6.14, 

6.15 

S. Kuril 

(2003 Mw 

8.1) 

Hayes et al. [2012] 291/80 Suwa et al. [2006], 

Hashimoto et al. 

[2009] 

NA 

6.16 S. Peru 

(2001 Mw 

8.4) 

Hayes et al. [2012] 70/62 Chileh et al. 

[2011] 

Villegas-Lanza 

et al. [2016] 

* Relative to the forearc where upper-plate block motion exists. 

** Large variations in subduction rate along strike [DeMets and Wilson, 1997]. Shown is the average. 

*** Uniform locking assumed. 
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Table 6.2. Summary of earthquakes and model parameters 

Figure 

No. 

Earthquake Mw Coseismic 

slip model 

Afterslip 

duration 

(year) 

Peak 

afterslip 

amount 

(m) 

Mantle wedge 

viscosity (Pa s) 

Oceanic mantle 

viscosity (Pa s) 

𝜂𝐾 𝜂𝑀 𝜂𝐾 𝜂𝑀 

6.3 1960 Chile 9.5 Moreno et 

al. [2009] 

NA 0 1×10
18

 

 

2×10
19

 

 

1×10
19

 

 

1×10
20

 

 

6.4 1964 Alaska 9.2 

 

This work NA 0 1×10
18

 7×10
18

 1×10
19

 1×10
20

 

6.5 2011 

Tohoku-oki 

9.0 Iinuma et 

al. [2012]* 

10.0***  3.8***  5×10
17

 2×10
18

 

 

2.0×10
18

 1×10
20

 

 

6.6, 

6.7 

2010 Maule 8.8 Moreno et 

al. [2012] 

4.5 2.2 1×10
18

 

 

3×10
18

 

 

6.7×10
18

 

 

1×10
20

 

 

6.8, 

6.9 

2005 Nias 8.6 Konca et 

al. 

[2007]** 

7.5 3.9 5×10
17

 2×10
18

 

 

5.0×10
18

 1×10
20

 

 

6.10 1995 

Antofagasta 

8.0 This work 1.0 0.2 1×10
18

 

 

3×10
18

 

 

1×10
19

 

 

1×10
20

 

 

6.11, 

6.12 

2007 Pisco 8.0 Remy et 

al. [2016] 

2.0 0.7 1×10
18

 

 

3×10
18

 

 

1×10
19

 

 

1×10
20

 

 

6.13 1995 Jalisco 8.0 This work NA 0 2.5×10
17

 1×10
18

 

 

2.5×10
18

 1×10
20

 

 

6.14, 

6.15 

2001  

Tokachi-oki 

8.1 This work 12.0 2.8 2.5×10
17

 7×10
17

 

 

2.0×10
18

 1×10
20

 

 

6.16 2001 Peru 8.4 This work NA 0 2×10
18

 

 

5×10
18

 

 

1×10
19

 

 

1×10
20

 

 

* Original slip values are scaled down by a factor of 0.92. 

** Original slip values are scaled up by a factor of 1.3. 

*** The values listed here are for the deep afterslip north of the coseismic slip. For other afterslip patches, 

see Wang et al. [2017]. 

 

6.2.4. Crustal motion following Mw ≥ 9 subduction earthquakes 

The 1700 Mw 9.0 Cascadia, 1960 Mw 9.5 Chile, and 2004 Mw 9.2 Sumatra earthquakes 

Synthesizing present-day deformation patterns at Sumatra, Southern Chile, and 

Cascadia, Wang et al. [2012] demonstrate a common evolution process of the 

deformation cycle of great subduction earthquakes. For these giant (Mw ≥ 9) earthquakes, 

the process of viscoelastic relaxation is very long. At the Chile margin, ~ 40-50 years 

after the 1960 Mw 9.5 earthquake, opposing motion of the coastal and inland areas can 

still be observed [Khazaradze et al., 2002] and may last for ~70 years as predicted by Hu 

et al. [2004] using a Maxwell viscoelastic model. 

In this work, we do not re-construct models for Sumatra and Cascadia, where 

modern land-based GNSS observations show wholesale seaward motion and wholesale 
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landward motion, respectively. For our purpose, further modelling will not add much to 

what has been learned by Wang et al. [2012] (and references therein) for these end-

member cases. However, for Chile, where opposing motion of the coastal and inland 

GNSS sites is going on, we made an effort to slightly refine the previous model. In 

particular, to improve the prediction of GPS velocities, we allow the degree of locking of 

the subduction fault to vary along the strike (Figure 6.3). We have also added the “cold 

nose” mentioned in section 6.2.3 to the new Chile model. To the first order, the new 

results are very similar to those in Wang et al. [2012], so the results will not be further 

discussed. 

 

 

Figure 6.3. Coseismic and postseismic deformation of the 1960 Mw 9.5 Chile earthquake. 

Depth below sea level of the megathrust is contoured at 10 km intervals (light violet 

dashed lines). (a) Model predicted displacements by applying the coseismic slip 

distribution of Moreno et al. [2009] to our finite element mesh. Displacements are shown 

at modern GNSS sites which were nonexistent in 1960. (b), (c), and (d) Model predicted 

postseismic velocities over three different periods after the earthquake (labelled in each 

panel). Black contours (in m) show the same coseismic slip distribution as in (a. GNSS 

velocity data in (c) are based on campaign surveys between 1997 and 2009 from Wang et 

al. [2007] (red) and Moreno et al. [2011] (green). Slip deficit rates are allowed to vary in 

the strike direction to fit costal GNSS velocities.  
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The 1964 Mw 9.2 Alaska earthquake 

Similar to the 1960 Mw 9.5 Chile earthquake, the 1964 Mw 9.2 Alaska earthquake 

(second largest instrumentally recorded earthquake) has a long rupture length, that 

extended 600-800 km from Prince William Sound along the Kenai Peninsula to Kodiak 

Island [Plafker, 1965; Plafker et al., 1994]. Published coseismic slip models for this event 

are different from one another [e.g. Ichinose et al., 2007; Holdahal and Sauber, 1994; 

Johnson et al., 1996], and it is difficult to fit geodetic observations when applying these 

slip distributions to our finite element model. Therefore we develop our own coseismic 

slip model. For modelling postseismic deformation, it is the net coseismic slip that is 

important. Details of the dynamic rupture process [e.g. Kanamori et al., 1970; 

Christensen and Beck, 1994] are less important, but the determination of three separate 

pulses in the earthquake source time function in seismological studies provides guidance 

for us to understand the patchiness of the rupture, assuming that each of the three pulses 

corresponds to an area of large slip (Figure 6.4a) [e.g., Christensen and Beck, 1994; 

Ichinose et al., 2007]. 

The Alaska earthquake occurred long before the age of GNSS. Geodetic observations 

that can help infer coseismic deformation are precise leveling and tide level change data 

for vertical displacements [Plafker, 1965] and triangulation surveying data for horizontal 

displacements (Figure 6.4a) [Snay et al., 1987]. Using these data as constraints, we 

construct a coseismic slip distribution consisting of three overlapping elliptical patches 

(Figure 6.4a), as explained in section 6.2.3, with a constant rake of 100º. The resultant 

coseismic deformation model captures the basic pattern of the observed deformation 

(Figure 6.4a), such as the > 2 m subsidence on the Kenai Peninsula and Kodiak Island 

[Plafker, 1965] and the ~10 m seaward displacements near the Prince William Sound 

[Snay et al., 1987]. We do not attempt to fit the data more precisely. These data have 

greater uncertainties compared to modern GNSS observations. In particular, because the 

post-earthquake campaign surveys were conducted a few months to a few years after the 

earthquake, the observed displacements must have included some postseismic 
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deformation. Also, for simplicity, we neglect the possible slip of a splay fault near 

Montage Island [Plafker, 1965; Holdahal and Sauber, 1994]. 

 

 

Figure 6.4. Coseismic and postseismic deformation of the 1964 Mw 9.2 Alaska 

earthquake. Depth below sea level of the megathrust is contoured at 10 km intervals 

(light violet dashed lines). (a) Coseismic horizontal displacements based on triangulation 

survey [Snay et al., 1987] and model predicted displacements using the shown slip 

distribution. Purple contours (in m) show the model predicted vertical displacements. 

Black line encompasses the rupture area [Plafker et al., 1994] inferred from precise 

leveling and tidal elevation data [Plafker et al., 1965]. (b), (c), and (d) Model predicted 

postseismic velocities over three different periods as labelled in each panel. Black 

contours (in m) show the same coseismic slip distribution as in (a). GNSS velocity data 
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between 1992 and 2004 [Li et al., 2016] are shown in (c). Along-strike variations in the 

slip deficit rate are based on Li et al. [2016]. To account for the motion of the Peninsula 

block (see Inset) [Li et al., 2016], a constant velocity of 6.5 mm/year in the strike 

direction has been added to GNSS sites located in it. Inset: Box outlines map area shown 

in the rest of the figure. PWS: Prince William Sound; MI: Montage Island; CI: Cook 

Inlet; KP: Kenai Peninsula; KI: Kodiak Island. 

  

About 30-50 years after the earthquake, GPS velocities show opposing motion 

between sites on the southeast coasts of the Kenai Peninsula and Kodiak Island and other 

sites further inland (Figure 6.4c) [Freymueller et al., 2008; Li et al., 2016]. This 

opposing-motion pattern sustained over the period (~20 years) of GPS observations, 

although the occurrence of a couple of slow slip events beneath the Cook Inlet at depths 

of 40-60 km during this period affected the details of the deformation pattern [Li et al., 

2016, and references therein]. In a previous study, Suito and Freymueller [2009] 

employed long-lasting afterslip and viscoelastic relaxation in a 3-D Cartesian finite 

element model of Maxwell rheology to explain the seaward motion of the inland GPS 

sites. They then used an elastic model to obtain a megathrust locking distribution after 

removing the modelled postseismic signals from observed GPS velocities. 

Our model differs from Suito and Freymueller [2009] mainly in the spherical-

Earth geometry and the inclusion of viscoelasticity in modelling fault locking (see 

Section 6.2.3). Although we use a bi-viscous mantle rheology, to be consistent with all 

our other models, GPS observations 30-50 years after the Alaska earthquake do not help 

constrain the transient viscosity. With the thicknesses of both elastic plates set at 30 km, 

the preferred steady-state viscosity of the mantle wedge is 7×10
18

 Pa s (Table 6.2). Our 

tests suggest that lower or higher viscosity values may not correctly depict the location of 

the GPS-observed dividing boundary of the opposing motion. According to this model, 

the dividing boundary passed through the 175-km reference location around 25-35 years 

after the earthquake. 
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The 2011 Mw 9.0 Tohoku-oki earthquake 

Different from the1964 Mw 9.2 Alaska and the 1960 Mw 9.5 Chile earthquakes, 

coseismic and postseismic deformation of the 2011 Mw 9.0 Tohoku-oki earthquake is 

very well recorded, thanks to the dense geodetic network in Japan including seafloor GPS 

sites in and around the rupture area and many other types of observations. These 

observations have provided important information for us to understand the coseismic 

rupture and short-term postseismic deformation following this earthquake [e.g. Iinuma et 

al., 2012; Sun et al., 2014; Sun et al., 2017; Freed et al., 2017]. For a review of lessons 

learned from observed crustal deformation associated with the Tohoku-oki earthquake, 

the reader is referred to Wang et al. [2017] and references therein. 

We expand the finite element model of our previous work [Sun et al., 2014; Sun and 

Wang, 2015] to predict future crustal deformation of the Japan Trench subduction zone 

over the next few hundred years. Model results for the coseismic deformation (Figures 

6.5a) are identical to those in Sun et al. [2014] and Sun and Wang [2015]. Results for the 

short-term (0-1 years) postseismic deformation differ slightly from those in the two 

previous publications because of some fine adjustment of the afterslip distribution in this 

work. The along-strike variations of the locking state of the megathrust are assigned to fit 

the GNSS observations, but there are some uncertainties in the degree of locking in the 

creeping segments [Wang et al., 2017]. Assuming the locking pattern stays unchanged, 

predicted GPS site velocities averaged over time intervals of 30-40 years and 180-200 

years after the earthquake are shown in Figures 6.5c and 6.5d, respectively. The time 

when the dividing boundary of opposing motion will pass through the 175-km reference 

location is predicted to be about 15-20 years, a time between the frames shown in Figures 

6.5b and 6.5c. 

The relatively low viscosities used in our Tohoku-oki model (Table 6.2), as 

compared to the values used for other subductions [Wang et al., 2012 and this work], may  

reflect site-specific processes affecting the thermal state and structural features. But the 

lower values could also be due to the inability of the Burgers body adopted by our model 

in describing what might be a more complex mantle rheology of the actual Earth. It is 

quite possible that deformation over the first 5 years after the earthquake is still in the 
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transient phase and the actual steady-state mantle viscosity that controls the longer-term 

(decades to centuries) deformation should be higher. This is a subject deserving further 

research. 

 

 

Figure 6.5. Coseismic and postseismic deformation of the 2011 Mw 9.0 Tohoku-oki 

earthquake. Depth below sea level of the megathrust is contoured at 10 km intervals 

(light violet dashed lines). (a) Coseismic horizontal displacements of land [Ozawa et al., 

2011] and seafloor [Sato et al., 2011; Kido et al., 2011] GNSS sites and model predicted 
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displacements using the slip distribution of Iinuma et al. [2012] scaled by 0.92. (b), (c), 

and (d) Model predicted postseismic velocities over three different periods after the 

earthquake as labelled in each panel. Black contours show the same coseismic slip 

distribution as in (a) in m. Grey contours (in m) in (b) show afterslip distribution [Wang 

et al., 2017]. Land and seafloor GNSS velocity data over 0-1 year [Ozawa et al., 2012; 

Watanabe et al., 2014; Sun et al., 2014] are shown in (b). Slip deficit rates assigned to our 

model are modified from the locking distributions of Suwa et al. [2006] and Hashimoto et 

al. [2009]. 

 

 

6.2.5. 8.5 ≤ Mw < 9 subduction earthquakes 

In this section, we discuss the postseismic deformation of the only two Mw 8.5-8.9 

subduction earthquakes in the modern GNSS era, the 2005 Mw 8.6 Nias and 2010 Mw 8.8 

Maule earthquakes. We will show that the dividing boundary of opposing motion after 

these two earthquakes migrated landward much faster than after the Mw ≥ 9 events.  

 

The 2010 Mw 8.8 Maule earthquake 

The 2010 Mw 8.8 Maule earthquake is a well observed event. The part of the Chile 

subduction fault that ruptured during this earthquake, located just north of the 1960 Mw 

9.5 rupture, had long been identified as a seismic gap. The previous great earthquake of a 

similar size occurred in 1835. Therefore, a large number of GPS sites were installed there 

before the earthquake by various research groups [Moreno et al., 2010; Vigny et al., 

2011; Lorito et al., 2011; Lin et al., 2013], providing records of crustal deformation in 

both the coseismic and short-term postseismic phases. Also, the relatively shorter trench-

coast distance (~100 km), compared to that of Japan Trench (> 200 km), allows the 

coseismic slip distribution of the Maule earthquake to be reasonably well determined 

with land-based GNSS observations in the absence of seafloor measurements, except the 

most near-trench area. 

Published rupture models of the Maule earthquake share similar features [Delouis et 

al., 2010; Moreno et al., 2012; Vigny et al., 2011; Lay et al., 2010; Lorito et al., 2011]: a 

single elongated rupture area of ~450 km long and ~100 km wide, a major slip patch 
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north of the epicentre with more than 15 m slip, and another one or two patches to the 

south with up to ~10 m slip (Figure 6.6a). In this work, we directly use the coseismic slip 

model of Moreno et al. [2012] (Figure 6.6a). This model was derived by inverting GPS, 

InSAR, and land-level changes data using Green’s functions derived from a spherical-

Earth finite-element model that includes actual subduction zone geometries, in many 

ways similar to our model. 

 

 

Figure 6.6. Coseismic and postseismic deformation of the 2010 Mw 8.8 Maule 

earthquake. (a) Coseismic horizontal GNSS displacements [e.g., Moreno et al., 2012] and 

model predicted displacements by applying the coseismic slip distribution of Moreno et 

al. [2012] to our finite element mesh. Depth below sea level of the megathrust is 

contoured at 10 km intervals (light violet dashed lines). Name-labelled green circles show 

the locations of the GNSS sites of which the observed and modelled time series are 

shown in Figure 6.7. (b), (c), and (d) Postseismic velocities over three different periods 

(as labelled) predicted by our model constrained by the GNSS time series shown in 

Figure 6.7. Black solid contours (in m) show the same coseismic slip distribution as in 

(a). Black dashed contours (every 0.5 m) show cumulative afterslip over 4.5 years. 

Observed GNSS velocities at some sites over 0-1 year are shown in (b). Along-strike 

variations in the slip deficit rate are based on Chileh et al. [2008] and Moreno et al. 

[2010]. 

 

Several studies have been conducted to investigate the postseismic deformation of 

the Maule earthquake, with some of them employing elastic models to study the effect of 

afterslip only [Bedford et al., 2013; Lin et al., 2013] and others including mantle 

viscoelasticity [Bedford et al., 2016; Klein et al., 2016; Li et al., 2017]. Klein et al. [2016] 
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used a finite element model of Burgers rheology, but did not include the effect of 

subduction fault relocking, as the long-term steady-state interseismic trend was removed 

from the GNSS data. Bedford et al. [2016] used a finite element model of Maxwell 

rheology including the locking effect. Their model can explain an observed change in the 

motion direction of coastal GPS sites from trenchward (westward) to northerly, as 

affected by the slightly oblique subduction of the Nazca Plate [DeMets et al., 2010]. Li et 

al. [2017] used a finite element model of Maxwell rheology with a heterogeneous 

viscosity distribution in the arc and backarc mantle to explain the postseismic uplift of the 

arc region. 

 

 

 
 

Figure 6.7. Observed (red) and modelled (blue) displacement time series after the 2010 

Mw 8.8 Maule earthquake (t=0) at selected GNSS sites. Motion reversal in the east 

(trenchward) component (similar to site B in Figure 6.1c) has occurred at some coastal 

sites. Sites BCAR (58.301º W, 37.761º S), AZUL (59.881º W, 36.767º S), SRLP (64.280º 

W, 36.622º S), and CRRL (68.354º W, 36.153º S) are outside of the map area of Figure 

6.6, with > 400 km distances from the trench. Locations of the other sites are shown in 

Figure 6.6a.  
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Our new model is similar to that of Bedford et al. [2016] but with a Burgers rheology 

(Table 6.2), more appropriate for modelling short-term postseismic deformation. The 

presence of the low-value transient viscosity results in less afterslip. Our model predicted 

postseismic GPS velocities for three time windows are shown in Figures 6.6b-6.6d. 

Observed and modelled time series for a few coastal and inland GPS sites are shown in 

Figure 6.7. The subset of GPS data shown in Figure 6.7 is adequate in representing the 

general evolution of the deformation. A group of GPS sites (ARCO, CONT, CONZ, 

CBQC, and PCLM) that cover a wide range along the coast reversed their direction of 

motion from seaward to landward within the first few years (Figure 6.7), causing the 

pattern of opposing motion to emerge on land (Figures 6.6c and 6.6d). Averaged along 

strike, the dividing boundary of opposing motion is predicted by our model to go through 

the 175-km reference location about 13-14 years after the earthquake. 

 

The 2005 Mw 8.6 Nias earthquake 

The 2005 Mw 8.6 Nias earthquake ruptured a ~350 km segment of the Sunda 

megathrust offshore northern Sumatra, abutting the coseismic slip area of the 2004 Mw 

9.2 Sumatra earthquake to the north [Briggs et al., 2006]. GPS observations from forearc 

islands at relatively short distances from the trench (~60 km) provide important 

constraints for the coseismic slip [e.g., Briggs et al., 2006; Konca et al., 2007]. Published 

rupture models share similar features: buried slip that did not breach the trench, two 

major slip patches on both sides of the epicentre in the strike direction, and maximum slip 

larger than 10 m in the southern patch (Figure 6.8a). In this work, we use the coseismic 

slip model of Konca et al. [2007] that was obtained by jointly inverting teleseismic data, 

GPS displacements, and vertical displacements inferred from coral records of relative sea 

level change [Briggs et al., 2006]. When mapping slip vectors from Konca et al.’s [2007] 

planar fault to our curved fault, we need to scale up their slip values by a factor of 1.3 in 

order to fit GPS observations. 
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The forearc GPS observations yield important information also on the postseismic 

deformation in the near field. Large trenchward displacement (0.8 m) of the forearc site 

LHWA occurred over the first 9 months after the earthquake. Using an elastic model, Hsu 

et al. [2006] inferred > 1 m afterslip over this period updip of the rupture zone. Sun and 

Wang [2015] used a 2-D finite element model that incorporated Burgers rheology to 

demonstrate that the amount of the shallow afterslip could be even greater (> 2 m) when 

mantle viscoelasticity is considered. The lack of coseismic slip with the presence of large 

afterslip is understood to imply a velocity-strengthening behaviour of the shallowest 

portion of the megathrust [Wang and Hu, 2006]. 

  

 

Figure 6.8. Coseismic and postseismic deformation of the 2005 Mw 8.6 Nias earthquake. 

Depth below sea level of the megathrust is contoured at 10 km intervals (light violet 

dashed lines). (a) Coseismic horizontal GNSS displacements [e.g., Briggs et al., 2006] 

and model predicted displacements using the coseismic slip distribution of Konca et al. 
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[2007] scaled up by a factor of 1.3. (b), (c), and (d) Observed and model predicted 

postseismic velocities over three different periods after the earthquake as labelled. Black 

solid contours (in m) show the same coseismic slip distribution as in (a). Black dashed 

contours (in m) show cumulative afterslip over 7.5 years. Slip deficit rates assigned to our 

model are based on Chileh et al. [2008] and Prawirodirdjo et al. [2010]. A constant 

velocity of 1.7 cm/year in the strike direction has been added to forearc GNSS sites, to 

account for the right-lateral motion of the strike-slip Sumatra fault (see Inset). Name-

labelled green circles in Figure 6.8b show the locations of the GNSS sites of which the 

observed and modelled time series are shown in Figure 6.9. Error ellipses of GNSS 

velocities in 0-1 year represent standard error (derived in this work). Errors are larger for 

later periods but difficult to quantify, due partly to deformation associated with numerous 

Mw 6-7.8 earthquakes in this region [Feng et al., 2015]. Inset shows the map area of this 

figure and location of the Sumatra fault. 

 

 

Figure 6.9. Observed (red) [Feng et al., 2015] and modelled (blue) displacement time 

series after the 2005 Mw 8.6 Nias earthquake (t=0) at GNSS sites shown in Figure 6.8b. 

and site NTUS (103.68º E, 1.35º N) located > 700 km from the earthquake rupture area 

(not shown in Figure 6.8b). 
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In this work, we use GPS observations over a longer period [Feng et al., 2015] to 

study the effects of viscoelastic relaxation, shallow afterslip, and subduction fault 

relocking. Our model parameters are shown in Table 6.2. The results suggest a fast 

continuing seaward motion of the forearc region due to the shallow afterslip immediately 

after the earthquake (Figure 6.8b). The afterslip diminishes rapidly with time, leading to 

quick slowing down of the seaward motion of forearc GPS sites (Figure 6.8c). Within 3-5 

years, the locking of the subduction fault causes motion reversal of the forearc GPS sites, 

similar to the Maule example, while the inland site SAMP is still moving seaward 

(Figures 6.8c and 6.9). Averaged along strike, the dividing boundary of opposing motion 

went through the 175-km reference location in our model about 8-10 years after the 

earthquake. 

To account for the right-lateral motion of the strike-slip Sumatra Fault (Figure 6.8), 

we have added a constant velocity (1.7 cm/year) in the strike direction to the forearc 

“sliver” seaward of this fault [Bradley et al., 2016]. This results in a rather good fit to the 

strike-parallel component of GPS time series (Figure 6.9 middle panel). A similar method 

in dealing with strike-parallel forearc sliver motion was used by Wang et al. [2007] in 

studying the postseismic deformation of the 1960 Mw 9.5 earthquake. 

 

6.2.6. Mw < 8.5 subduction earthquakes 

In this section, we discuss the postseismic deformation of five Mw 8-8.5 subduction 

earthquakes for which relevant geodetic observations are available. We will show that 

these earthquakes are followed by rather short-lived (one to a few years) opposing 

motion. The dividing boundary of the opposing motion sweeps through the geodetic 

network very fast. Therefore, observing the short-lived opposing motion with campaign-

style measurements requires frequent occupation of campaign sites within a limited time 

window. 
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In assigning the coseismic slip distributions of these “small-size” (Mw 8-8.5) 

earthquakes, we use a simple elliptical slip patch (Section 6.2.3) and a constant slip rake, 

except for the 2007 Mw 8.0 Pisco earthquake for which we directly apply a published 

rupture model.  

 

The 1995 Mw 8.0 Antofagasta Earthquake 

The 1995 Antofagasta Mw 8.0 earthquake ruptured a ~150 km segment of the central 

Chile subduction fault, about 1000 km north of the 2010 Mw 8.8 Maule rupture (Section 

6.2.5). The rupture of this earthquake terminated to the north before breaking into a 

seismic gap where an Mw ~9 earthquake occurred in 1877 [Delouis et al., 1997]. 

Published rupture models of this earthquake that were obtained using seismic, campaign 

GPS, and InSAR data [Delouis et al., 1997; Ruegg et al., 1996; Chlieh et al., 2004] 

suggest a single slip patch. The coseismic deformation predicted using an elliptical patch 

in our finite element model agrees with the campaign GPS data very well (Figure 6.10a) 

[Ruegg et al., 1996; Klotz et al., 1999; Chlieh et al., 2004]. 

Although only campaign observations were available to provide snapshots of crustal 

deformation for this earthquake [Klotz et al., 2001; Khazaradze and Klotz; 2003], the 

broad spatial coverage of the measurements helps to demonstrate clearly how quickly the 

dividing boundary of opposing motion must have migrated landward through the network 

(Figure 6.10). With primary parameters given in Table 6.2, we construct a continuous 

deformation history constrained by these campaign data (Figure 6.10). In this model, the 

dividing boundary went through the 175-km reference location as quickly as 0.5-1 years 

after the earthquake. 
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Figure 6.10. Coseismic and postseismic deformation of the 1995 Mw 8.0 Antofagasta 

earthquake. Depth below sea level of the megathrust is contoured at 10 km intervals 

(light violet dashed lines). (a) Coseismic horizontal displacements based on campaign 

GNSS surveys [e.g., Chileh et al., 2004] and model predicted displacements using the 

shown slip distribution. (b) and (c) Observed postseismic velocities based on campaign 

GNSS surveys [Klotz et al., 2001; Khazaradze and Klotz, 2003] and model prediction 

over the first two years after the earthquake. Black solid contours (in m) show the same 

coseismic slip distribution as in (a). Grey dashed ellipses in (b) encompass areas of > 0.1 

m afterslip over the first year. Slip deficit rates are based on Chileh et al. [2011]. Error 

ellipses for the GNSS observations are from the original publications. 

 

The 2007 Mw 8.0 Pisco Earthquale 

The 2007 Pisco Mw 8.0 earthquake ruptured a part of the central Peru subduction 

zone, with a rupture length similar to 1995 Antofagasta. The rupture terminated to the 

south where the Nazca ridge is subducting [Sladen et al., 2010; Remy et al., 2016]. There 

were no campaign or continuous GNSS measurements prior to the earthquake, but five 

continuous GPS sites were installed ~20 days after the earthquake to record postseismic 

deformation (Figure 6.11) [Perfettini et al., 2010; Remy et al., 2016]. We apply to our 

finite element model the rupture model that Remy et al. [2016] derived by inverting 

InSAR data. The rupture model of Sladen et al. [2010] based on joint inversion of InSAR, 

teleseismic, and tsunami data shows a similar slip distribution. 
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All the available GPS sites quickly stopped moving seaward or changed their 

direction to landward (Figures 6.11). The continuous GPS monitoring clearly shows how 

the motion changed with time (Figure 6.12). With parameter values shown in Table 6.2, 

our postseismic deformation model can reproduce the main pattern of these observations. 

In this model, the dividing boundary of opposing motion went through the 175-km 

reference location around 1-1.5 years after the earthquake. The quick motion reversal 

suggests a rapid resumption of megathrust locking. Yet along-strike variations in the 

degree of locking affect the exact timing of the reversal of specific sites. For example, 

compared to site JUAN, the more southerly site GUAD, located even slightly closer to 

the rupture zone, reversed its motion slightly more slowly (Figure 6.12). Because of the 

lower degree of locking in the south, where the Nazca ridge is subducting [Villegas-

Lanza et al., 2016; Wang and Bilek, 2014], it takes a little longer for the locking effect to 

overshadow the effect of viscoelastic relaxation.  

 

 

Figure 6.11. Model-predicted coseismic and postseismic deformation of the 2007 Mw 8.0 

Pisco earthquake. Depth below sea level of the megathrust is contoured at 10 km 

intervals (light violet dashed lines). (a) Coseismic displacements predicted with the slip 

model of Remy et al. [2016]. The five GNSS stations were installed ~20 days after the 

earthquake, and their time series (Figure 6.12) were used to constrain our model. (b), (c) 

and (d) Postseismic velocities over three different periods after the earthquake as 

labelled. Grey solid contours (in m) show the same coseismic slip distribution as in (a). 

Grey dashed contours show the 2-year cumulative afterslip in m. Along-strike variations 

in the slip deficit rate are based on Villegas-Lanza et al. [2016] and Chileh et al. [2011]. 

Inset shows the location and orientation of the map area in this figure. 
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Figure 6.12. Observed (red) [Remy et al., 2016] and modelled (blue) displacement time 

series after the 2007 Mw 8.0 Pisco earthquake (t=0) at the GNSS sites shown in Figure 

6.11a. 

 

 

The 1995 Mw 8.0 Jalisco Earthquake 

The 1995 Mw 8.0 Jalisco earthquake ruptured a ~150 km long segment along the 

northernmost part of the Mexico subduction zone, where the very young (< 10 Ma) 

Rivera Plate is subducting beneath the North American Plate at a rate of ~2-3 cm/year 

[DeMets and Wilson, 1997; DeMets and Traylen, 2000]. More than ten campaign GPS 

sites were surveyed in the Jalisco area and further inland before the 1995 earthquake, and 

another ~10 sites were established shortly after the earthquake. Most of these sites were 

occupied about 5-6 times over the first four years after the earthquake [Hutton et al., 

2001], providing information on the spatiotemporal evolution of the postseismic 

deformation. In addition to these campaign sites, a continuous GPS site (COLI) located 

~40 km from the coast and slightly south of the rupture area (Figure 6.13a) provides 

important information on the temporal variation of the crustal deformation [Márquez 

Azúa et al., 2002]. In a previous study, Márquez Azúa et al. [2002] employed an elastic 

dislocation model [Okada, 1985] and viscoelastic and poroelastic finite element models 

to explain the observed motion of COLI. In their work, the effect of megathrust locking 

was modelled using the elastic model.    
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Figure 6.13. Coseismic and postseismic deformation of the 1995 Mw 8.0 Jalisco 

earthquake. Depth below sea level of the megathrust is contoured at 10 km intervals 

(light violet dashed lines). (a) Observed [Melbourne et al., 1997] and model predicted 

horizontal coseismic displacements using the shown slip distribution. COLI (green circle) 

was the only continuous GNSS site. (b), (c), (d), and (e) Model-predicted postseismic 

velocities over four different periods after the earthquake as labelled. GNSS velocities 

based on campaign surveys [Hutton et al., 2001] are shown where available. Solid 

contours (in m) show the same coseismic slip distribution as in (a). (f) Observed [Azua et 

al., 2002] (red) and modelled (blue) horizontal displacements of COLI before and after 

the Jalisco earthquake (t=0). Inset in (a) shows the location and orientation of the map 

area in this figure. 

 

Our model parameters are given in Table 6.2, and results are shown in Figure 6.13 in 

comparison with available GPS data. Three to four years after the earthquake, most of the 

sites are still observed and modelled to be moving seaward, except along the coast 

(Figure 6.13). The landward migration of the dividing boundary of opposing motion is 

thus slower than that of the Antofagasta or Pisco earthquake (the preceding two sub-
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sections), despite the identical Mw. This is obviously the consequence of a very slow 

subduction rate at this margin, Similar to the effect of the lower degree of megathrust 

locking as discussed in the preceding sub-section, a slower subduction rate means less 

contribution from fault locking. Therefore, if the effects of relaxation and afterslip are 

similar for these earthquakes of equal size, it should take longer for the locking effect to 

become fully dominant at Jalisco. In our model, the dividing boundary went through the 

175-km reference location 7-8 years after the Jalisco earthquake. 

 

The 2003 Mw 8.1 Tokachi-oki Earthquake 

The 2003 Mw 8.1 Tokachi-oki earthquake ruptured a ~100 km long segment along 

the southern Kuril trench subduction zone (Figure 6.14). Paleoseismic and historical 

records suggest that this part of the subduction fault has produced a number of Mw 8-9 

earthquakes. The most recent Mw 8 earthquake before the 2003 rupture occurred in 1952 

[Hirata et al., 2003], and a much greater event that ruptured at least a 300 km long 

segment along the strike occurred ~350 years ago [Nanayama et al., 2003; Sawai et al., 

2004]. 

Similar to the 2011 Mw 9.0 Tohoku-oki earthquake (Section 6.2.4), the Tokachi-oki 

earthquake is a well observed event. Two ocean-bottom pressure gauges offshore [Baba 

et al., 2006] provide important information for studying postseismic deformation in the 

near field. Many rupture models were obtained by various groups using different datasets, 

including GPS and high-rate GPS data [Ozawa et al., 2004; Miura et al., 2004; Miyazaki 

et al., 2004; Nishimura, 2011], seismic waves [Yagi, 2004; Yamanaka and Kikuchi, 

2003], tsunami waveforms [Hirata et al., 2004; Tanioka et al., 2004], or by joint inversion 

of more than one types of data [Koketsu et al., 2004; Romano et al., 2010]. Most of these 

published rupture models suggest a single slip patch at relatively large depths (30-45 km). 

Using a nearly circular patch, our finite element model predicts coseismic deformation in 

good agreement with the GPS data (Figure 6.14a).  

Several studies have been conducted on the postseismic deformation of the Tokachi-

oki earthquake, with most of them focused on afterslip in an assumed purely elastic Earth 
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[Ozawa et al., 2004; Miyazaki et al., 2004; Baba et al., 2006; Sato et al., 2010]. They 

generally suggest substantial afterslip updip of the coseismic slip area, the most direct 

geodetic evidence being a > 20 cm uplift recorded by two ocean-bottom pressure gauges 

seaward of the rupture [Baba et al., 2006]. Itoh and Nishimura [2016] employed a 

layered-Earth model (without a slab) of Maxwell rheology to study the effects of both 

afterslip and viscoelastic relaxation but did not consider the effect of megathrust locking. 

 

 

Figure 6.14. Coseismic and postseismic deformation of the 2003 Mw 8.1 Tokachi-oki 

earthquake. Depth below sea level of the megathrust is contoured at 10 km intervals 

(light violet dashed lines). (a) Observed [e.g., Larson and Miyazaki,  2008] and model 

predicted horizontal coseismic displacements using the shown slip distribution. Observed 

and modelled time series at the labelled sites will be shown in Figure 6.15. Observe 

postseismic velocities at these sites are shown in (b). (b), (c), and (d) Postseismic 

velocities over three different periods after the earthquake as labelled. Solid contours (in 

m) show the same coseismic slip distribution as in (a). Grey dashed contours show 

cumulative afterslip over 12 years in m. The slip deficit rates assigned to our model are 

based on Suwa et al. [2006] and Hashimoto et al. [2009]. Inset in (a) shows the location 

and orientation of the map area in this figure. 
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Figure 6.15. Observed (red) [Itoh and Nishimura, 2016] and modelled (blue) 

displacement time series after the 2003 Mw 8.1 Tokachi-oki earthquake (t=0) at GNSS 

sites shown and labelled in Figure 6.14a. Observed displacements after the 2011 Mw 9.0 

Tohoku-oki earthquake (t ~7.5 years) are not shown.  

 

We use a 3-D model including a slab, and the viscosity values are given in Table 6.2. 

In terms of the large and sustained afterslip updip of the rupture area, our model results 

agree with previous studies (Figure 6.14). Right after the earthquake, because of the large 

depth of the rupture, the dividing boundary of the viscoelastic opposing motion should be 

in the coastal area, above the downdip termination of the rupture. In other words, 

viscoelastic relaxation alone would cause landward motion of some the coastal GPS sites 

right after the earthquake (model tests not shown here; seen also Itoh and Nishimura 

[2016]). To explain the actually observed continuing seaward motion of the coastal sites, 

a large amount of afterslip updip of the rupture is required. Although the shallow afterslip 

amounts to larger than 2.5 m over ~10 years in our model, it still underestimates the 

seaward motion of GPS sites 0019 and 0015 southwest of the rupture zone, especially 
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during the first year after the earthquake (Figure 6.15). This implies an even greater local 

afterslip or other local processes near the southern edge of the rupture, which is not 

considered in our study. 

Due to viscoelastic relaxation and the long-lasting shallow afterslip, GPS sites farther 

than 100 km from the rupture zone had been smoothly moving seaward until being 

interrupted by the 2011 Mw 9.0 Tohoku-oki earthquake. Closer to the rupture and near the 

coast, after an initial continuing seaward motion over the first 2-3 years as controlled 

primarily by the dominant effect of shallow afterslip, GPS sites reversed their motion 

direction (Figure 6.15). That is, the dividing boundary went through the 175-km 

reference location 2-3 years after the earthquake. Opposing motion was seen on 

Hokkaido 3-7 years after the Tokachi-oki earthquake, before the occurrence of the 2011 

Tohoku-oki earthquake ~400 km to the south (Section 6.2.4). . 

 

The 2001 Mw 8.4 Peru Earthquake 

The 2001 Mw 8.4 Peru earthquake ruptured a ~200 km long segment along the 

southern portion of the Peru subduction zone (Figure 6.16), where a great Mw 8.8-9 

earthquake had ruptured a longer segment extending farther south in 1868 [Bilek and 

Ruff, 2002; Comte and Pardo, 1991]. Seismological studies using surface waves [e.g., 

Bilek and Ruff, 2002] and teleseismic body waves [e.g., Giovanni et al., 2002; Bilek and 

Ruff, 2002] indicate two major pulses of moment release. Estimates of coseismic slip 

based on the seismic moment suggest a slip of 5 m if averaged over the aftershock area 

and greater slip of > 8 m in the area of concentrated moment release [Bilek and Ruff, 

2002].  
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Figure 6.16. Coseismic and postseismic deformation of the 2001 Mw 8.4 Peru 

earthquake. Depth below sea level of the megathrust is contoured at 10 km intervals 

(light violet dashed lines). AREQ (green circle) was the only continuous GNSS site in 

operation. (a) Observed [e.g., Perfettini et al., 2005; Chileh et al., 2011] and model 

predicted horizontal coseismic displacements using the shown slip distribution. (b), (c), 

and (d) Model predicted postseismic velocities over three different periods after the 

earthquake as labelled. Solid contours (in m) show the same coseismic slip distribution as 

in (a). Along-strike variations in the slip deficit rate are based on Chileh et al. [2011] and 

Villegas-Lanza et al. [2016]. (e) Observed [Bevis and Brown, 2014] and modelled 

postseismic landward displacements of AREQ. Inset in (a) shows the location and 

orientation of the map area in this figure. 
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In contrast with the heterogeneity of the rupture as suggested by the multiple pulses 

of moment release, coseismic slip models derived by inverting GPS and InSAR data 

generally show a smoother slip distribution [e.g. Pritchard et al., 2007; Chlieh et al., 

2011]. All the GPS sites that provide coseismic displacement values are campaign sites, 

except AREQ [Pritchard et al., 2007; Ruegg et al., 2001]. Using an elliptical rupture 

patch, our finite element model predicts the basic pattern of the observed GPS 

displacements (Figure 6.16a). The observed displacements must have included some 

postseismic deformation, because the campaign sites were not reoccupied until weeks to 

months after the earthquake. For our purpose of studying the longer-term evolution of the 

postseismic deformation, including some initial afterslip in the coseismic slip does not 

cause large errors. 

Various models have been proposed to explain the postseismic time series of AREQ, 

the only continuous site in operation, located 225 km from the Peru trench and landward 

of the main slip area [Bevis and Brown, 2014]. Melbourne et al. [2002] attributed the 

continuing seaward motion of the site to afterslip downdip of the rupture area. Perfettini 

et al. [2005] used a 1-D semi-analytical model that includes an afterslip zone and a 

viscous ductile shear zone along the downdip extension of the seismogenic plate 

interface. Hergert and Heidbach [2006] used a 2-D finite element model that includes 

non-linear Maxwell rheology for the lower crust. No 3-D models that consider the effects 

of both viscoelastic relaxation and megathrust relocking have been published. 

The primary parameters of our postseismic deformation model for this earthquake 

are given in Table 6.2. Model results are shown in Figure 6.16, with the predicted time 

series for AREQ compared with its GPS records. The model well explains the gradual 

motion reversal of AREQ ~6-7 years after the Peru earthquake (Figure 6.16e), although it 

does not precisely fit the earliest part of the AREQ displacements. The observed faster 

deformation in the first month than the model prediction could be due to some afterslip 

that is not included in our model or a more complex transient rheology than considered 

here. In this model, the dividing boundary of opposing motion went through the 175-km 

reference location 4-5 years after the earthquake. 
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6.2.7. Discussion and Conclusions 

Using the 175-km reference location defined in Section 6.2.3, we compare in Figure 

6.17 the results of all the earthquakes studied in this work. As described in the modelling 

strategy sub-section (Section 6.2.3), our models constrained by available geodetic 

observations depict a spatiotemporally continuous postseismic deformation history for 

each earthquake. From this modelled history, we obtain the time when the dividing 

boundary of the opposing motion passes through the reference location. Figure 6.17 

shows this “reference time” for all the earthquakes as a function of earthquake 

magnitude.  

 

Figure 6.17. The “reference time” for each earthquake when the landward migrating 

dividing boundary of opposing motion passes through the reference location 175 km from 

the trench (see Discussions) against the earthquake magnitude Mw. 

 

For different earthquakes, the geodetic constraints have different spatial and/or 

temporal coverages. An ideal situation of a dense network of continuous GNSS sites 

evenly distributed over a broad region and covering a long enough time span is rare. 

When continuous GNSS observations are few or not available, frequent campaign-mode 

measurements are very useful. For the Mw 8.0 Antofagasta, Mw 8.0 Jalisco, Mw 9.2 
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Alaska, and Mw 9.5 Chile earthquakes, most or all of the data were collected in campaign 

surveys. Frequent occupations of sites after the Antofagasta earthquake helped to define 

the fast evolving deformation at different sites. The more stable GNSS velocities 

observed at Alaska and Chile represent a certain stage of their earthquake deformation 

cycle. For Jalisco, our model is constrained mainly by campaign data, but a sole 

continuous record helps to improve the model’s prediction of the time-dependence of the 

postseismic deformation. Similarly, data from a single continuous GNSS site provide 

critical model constraints for the Mw 8.4 Peru earthquake. For the Mw 8.0 Pisco, Mw 8.1 

Tokachi-oki, Mw 8.6 Nias, Mw 8.8 Maule, and Mw 9.0 Tohoku-oki earthquakes, a greater 

number of continuous GNSS sites are available, but either the spatial coverage or the 

time span of the measurements is limited. For example, the five sites for Pisco are less 

than 100 km apart and form a spatially confined cluster. Sites for the Nias earthquakes 

are almost all located on forearc islands with less than 100 km from the trench. GNSS 

observations for the Tohoku-oki and Maule earthquakes are dense and continuous, but it 

is still too early for them to observe the dividing boundary of the opposing motion pass 

through the reference location. 

Nonetheless, a comparison of the model results for the ten earthquakes indicates a 

clear trend: In general, the greater the earthquake, the longer time it takes for the dividing 

boundary of opposing motion to reach the 175-km reference location. This longer 

reference time reflects a slower migration of the dividing boundary and hence a longer 

duration of the opposing motion itself. For great earthquakes that feature a compact 

rupture area but huge slip such as Mw 9.0 Tohoku-oki, the long duration of the opposing 

motion is mainly because of the large stress perturbation induced by the rupture. For 

great earthquakes that feature a long rupture in the strike direction but locally less slip, 

such as Mw 9.2 Sumatra, the long duration is mainly because of the less efficient 

postseismic viscoelastic stress relaxation, with the viscous mantle flow tending to be 

more confined to the dip direction. 

Besides the primary control by earthquake size, the reference times of the individual 

examples also reflect the effects of other site-specific factors. Examples follow. 
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 The larger reference time of the Jalisco earthquake, compared to other Mw 8.0 

earthquakes, is more strongly influenced by plate kinematics. Here, the slower 

subduction of the oceanic plate leads to a smaller contribution by fault relocking to 

postseismic deformation, slowing down the evolution of the opposing motion.  

 Similarly, less complete locking of segments of a subduction fault, in comparison to 

their neighbouring fully locked segments, also lead to a slower evolution. When the 

effects of heterogeneous locking is averaged along strike, such as for the 1964 

Alaska and 1960 Chile earthquakes, the overall reference time is smaller than what 

would be obtained with uniform full locking.  

 Although the reference time of the 2003 Tokachi-oki earthquake fits the trend in 

Figure 6.17, afterslip has a more dominant effect in this example than viscoelastic 

relaxation. In this case, because of the large depth of the earthquake rupture, the 

dividing boundary of the viscoelastic opposing motion immediately after the 

earthquake would be located near the coast. It is the large afterslip updip of the 

rupture zone that caused continuing seaward motion of the coastal GNSS sites over 

the first 2-3 years. Similarly, the large shallow afterslip following the Nias 

earthquake caused continuing seaward motion of forearc GNSS sites over the first ~5 

years, offseting the effect of viscoelastic relaxation [Sun and Wang, 2015]. 

The Tokachi-oki example illustrates a major shortcoming of defining the reference 

location using a distance from the trench. This definition fails to take into consideration 

complications in fault geometry and slip distribution. In particular, the dip of the 

subduction fault and the downdip extension of the earthquake rupture are potentially 

important in controlling postseismic deformation but not represented by this reference 

distance. However, currently we do not have a better alternative to compare these 

earthquakes in a simple manner. We will continue to investigate the effects of these 

factors in our future studies. 

Our postseismic deformation models generally require the use of similar mantle 

viscosity values for earthquakes that occur in the same or adjacent subduction zones. 

Margins located very far from each other may require more different viscosity values. A 

transient viscosity of 1-2×10
18

 Pa s and steady-state viscosity of 3-5×10
18

 Pa s are 
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preferred for the Chile and Peru subduction zones for all the Mw 8.0-8.8 earthquakes. In 

comparison, transient and steady-state viscosities smaller by a factor of 2-5 are preferred 

for the Japan and Kuril subduction zones. In addition, it is worth reiterating that the 

Burgers rheology employed in our models may not always be adequate in representing 

the potentially more complex upper mantle rheology. It is possible that the observed 

deformation following some of the recent great earthquakes is still in the transient phase 

but has been modelled to be already in the steady state. More geodetic observations over 

longer periods will lead to a deeper understanding of the rheology of the Earth. 
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Chapter 7. Conclusions 

 

This Ph.D. project includes studies on two topics: slip behaviour of the shallowest 

portion of subduction megathrusts and postseismic deformation following great 

subduction earthquakes. The project’s main scientific contributions are summarized as 

follows. 

Studying the shallow megathrust behaviour is of great importance to understanding 

tsunami generation, but land-based geophysical observations provide very limited 

information for the shallow part of the fault which is located far offshore. The first topic 

of the Ph.D. project is focused on using deformation observations directly from the trench 

area to study shallow fault behaviour. Here two distinctly different types of trench-

breaching slip have been documented using the examples of the 2011 Mw 9.0 Tohoku-oki 

and 2012 Mw 7.6 Costa Rica earthquakes. These examples in a way bracket a possibly 

wide range of slip modes of shallow megathrusts. 

During the 2011 Mw 9.0 Tohoku-oki earthquake, large coseismic slip breached the 

trench (Chapter 2). By modelling high-resolution cross-trench bathymetry differences 

before and after the earthquake, we inferred > 60 m slip at the trench and a 5 m increase 

of the slip over the most seaward 40 km. The inferred slip distribution suggests a 

moderate degree of net weakening of the shallow fault during the earthquake. Scenarios 

of dramatic coseismic strengthening or weakening of the shallow megathrust, which 

would have led to much greater decrease or increase of slip towards the trench, 

respectively, can be excluded. 

The 2012 Mw 7.6 Costa Rica earthquake shows a very different behaviour of the 

shallow megathrust (Chapter 3) from Tohoku-oki. Seafloor and sub-seafloor fluid 

pressure measurements at the trench and GNSS observations on land provide constraints 

to both coseismic and postseismic fault slip models over a wide spatial range in the dip 
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direction. According to the observations and model results, the coseismic slip was limited 

to the hypocentral area beneath the coast and did not breach the trench. Instead, aseismic 

afterslip occurred updip of the rupture and breached the trench. Similar temporal 

characteristics of the seafloor pressure records at the trench and GNSS time series on land 

indicate a broad spatial extent of the afterslip that caused concurrent postseismic 

deformation offshore and onshore. 

In studying postseismic deformation immediately following great subduction 

earthquakes, the asymmetry of megathrust rupture is a key issue of interest (Chapters 4 

and 5). The asymmetry, that is, a much larger coseismic seaward motion of the hanging 

wall than landward motion of the foot wall, results from the stiffness contrast of the two 

sides of the megathrust due to the shallow fault dip and the presence of a free surface. 

The asymmetry generates greater incremental tensile stresses in the upper plate landward 

of the rupture than in the incoming plate seaward of the rupture. After the earthquake, 

viscoelastic relaxation of the asymmetric stresses causes the land and trench areas to 

move in opposite, opposing directions. Seafloor GNSS measurements after the 2011 Mw 

9.0 Tohoku-oki earthquake for the first time directly observed landward motion of the 

trench area immediately following a great subduction earthquake (see Figure 4.1) and 

provided unambiguous evidence for the dominance of viscoelastic relaxation in short-

term (weeks to years) postseismic deformation. 

Modelling studies presented in this dissertation show that the immediate opposing 

motion should be common to great subduction earthquakes and is affected by multiple 

factors, including mantle viscosity, earthquake size, coseismic slip distribution in the 

downdip direction, thicknesses of the slab and upper plate, and along-strike rupture 

length (Section 5.2.4). For earthquakes smaller than about Mw 8.0, the viscoelastic 

deformation is small and may be difficult to observe. Because the greatest tension in the 

upper plate generated by the earthquake is above the downdip termination of the rupture, 

downdip slip distribution controls the location of the dividing boundary of the opposing 

motion immediately after the earthquake. 

When using geodetic observations to determine afterslip for Mw ≥ 8 earthquakes, it is 

important to consider the effect of viscoelastic relaxation and the consequent opposing 
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motion. Neglecting this effect would lead to an under-estimate of shallow afterslip updip 

of the rupture and over-estimate of deep afterslip downdip of the rupture. With the same 

data, the shallow afterslip following the 2005 Mw 8.6 Nias earthquake estimated in this 

dissertation using a viscoelastic model (Chapters 5 and 6) is larger than what was inferred 

using an elastic model [Hsu et al., 2006] by a factor of ~1.5. The deep afterslip following 

the 2010 Mw 8.8 Maule and 2011 Mw 9.0 Tohoku-oki earthquakes estimated in this 

dissertation using viscoelastic models (Chapters 4 and 6) is much smaller than in any 

published elastic models [e.g., Bedford et al., 2013; Ozawa et al., 2012]. For earthquakes 

of Mw ~7.5 or smaller, afterslip determined using a purely elastic model, such as for the 

2012 Mw 7.6 Costa Rica earthquake in Chapter 3 of this dissertation, is of adequate 

accuracy. 

The evolution of postseismic deformation is governed by a common geodynamic 

process as has been previously demonstrated using Mw ≥ 9 subduction earthquakes 

[Wang et al., 2012]. In this study, we have explored how the common governing process 

leads to different evolution histories for earthquakes of different sizes (Chapter 6). 

During postseismic deformation, as the effects of viscoelastic stress relaxation and 

afterslip decay with time, the effect of megathrust relocking becomes increasingly 

dominant. The strengthening locking effect causes the dividing boundary of opposing 

motion to migrate away from the rupture, eventually leading to wholesale landward 

motion of the surface. 

Given the same mantle rheology, the “speed” of the deformation evolution toward 

the eventual wholesale landward motion depends mainly on earthquake size. Larger 

earthquakes generate greater coseismic stress perturbations, and they typically have 

longer along-strike rupture lengths which cause the flow of mantle material 

accompanying viscoelastic relaxation to be more confined to the dip direction. Both 

factors lead to longer-lived viscoelastic relaxation and consequently longer-lasting 

seaward motion of the inland area. The landward migration of the dividing boundary of 

opposing motion is hence slower, that is, it takes longer for the dividing boundary to pass 

by a reference location of given distance from the trench. In this dissertation, the 

reference location used to define this “reference time” is set at a distance of 175 km from 
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the trench. Using ten 8.0 ≤ Mw ≤ 9.5 earthquakes comparatively studied in this 

dissertation, a positive correlation between earthquake size and the “reference time” is 

obtained (see Figure 6.17). As end-member examples, the 1960 Mw 9.5 Chile earthquake 

shows a “reference time” at least 40 times that of the 1995 Mw 8.0 Antofagasta 

earthquake. 

GNSS observations of the ten earthquakes studied in Chapter 6 allow us to constrain 

mantle viscosities of multiple subduction zones. For segments of the same subduction 

zone or for adjacent subduction zones, the inferred viscosity values are very similar. For 

example, for all the studied earthquakes in the Chile and Peru margins since 1995, 

transient viscosities of 1-2×10
18

 Pa s and steady-state viscosities of 3-5×10
18

 Pa s are 

preferred. However, these steady-state viscosities are lower than the value (2×10
19

 Pa s) 

preferred for the 1960 Mw 9.5 Chile earthquake in the same margin. It is possible that 

deformation following the more recent earthquakes has not yet fully entered the steady-

state phase, although it has been modelled to be already in the steady state by our models 

of bi-viscous Burgers rheology. For subduction zones far from each other, somewhat 

different viscosity values are inferred. For example, in comparison to Chile and Peru, 

viscosity values preferred for the Japan and Kuril margins are lower by a factor of 2-5. 
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