
Analysis of the Far-Field Co-seismic and Post-seismic Responses Caused by the 2011 MW 9.0

Tohoku-Oki Earthquake

ZHIGANG SHAO,1 WEI ZHAN,2 LANGPING ZHANG,1 and JING XU
3

Abstract—We analyzed the far-field co-seismic response of the

MW 9.0 Tohoku-Oki earthquake, which occurred on March 11th

2011 at the Japan Trench plate boundary. Our analysis indicates

that the far-field co-seismic displacement was very sensitive to the

magnitude of this event, and that a significant co-seismic surface

displacement from earthquakes in the Japan Trench region can be

observed in Eurasia only for events of MW C 8.0. We also ana-

lyzed the temporal characteristics of the near-field post-seismic

deformation caused by the afterslip and the viscoelastic relaxation

following the Japan earthquake. Next, we performed a simulation

to analyze the influence of the two post-seismic effects previously

mentioned on the far-field post-seismic crustal deformation. The

simulation results help explain the post-seismic crustal deformation

observed on the Chinese mainland 1.5 years after the event. Fitting

results revealed that after the MW 9.0 Tohoku-Oki earthquake, the

afterslip decayed exponentially, and may eventually disappear after

4 years. The far-field post-seismic displacement in Eurasia caused

by the viscoelastic relaxation following this earthquake will reach

the same magnitude as the co-seismic displacement in approxi-

mately 10 years. In addition, the co- and post-seismic Coulomb

stress on several NE-trending faults in the northeastern and

northern regions of the Chinese mainland were significantly

enhanced because of the MW 9.0 earthquake, especially on the

Yilan-Yitong and the Dunhua-Mishan faults (the northern section

of the Tan-Lu fault zone) as well as the Yalujiang and the Fuyu-

Zhaodong faults.

Key words: The 2011 9.0 Tohoku (Japan) earthquake, Far-

field response, Afterslip, Viscoelastic relaxation, Coulomb stress.

1. Introduction

On March 11th, 2011, the MW 9.0 Tohoku-Oki

earthquake ruptured the plate boundary northeast of

Japan. This earthquake was the largest earthquake in

Japan on record (TAJIMA et al. 2013), and was one of

the largest events ever recorded on our planet with

modern instrumentation. Intense crustal deformations

in the near-field region were detected by the on-shore

GPS Earth Observation Network (GEONET) (OZAWA

et al. 2012; SATO et al. 2011) and an off-shore GPS/

acoustic system. The maximum co-seismic horizontal

displacement recorded by the two observation sys-

tems were 5.2 and 31.5 m (KIDO et al. 2011),

respectively. Moreover, co-seismic displacements

were clearly detected by far-field GPS receivers

located 1000–2000 km away on the Chinese main-

land and the Korean Peninsula (Fig. 1, POLLITZ et al.

2011; SHESTAKOV et al. 2012). The maximum co-

seismic horizontal displacements observed in China

and Korea were up to 35 and 57.7 mm, respectively

(WANG et al. 2011; ZHAO et al. 2012; HWANG et al.

2012). SHESTAKOV et al. (2012) defined the moment

magnitude of this earthquake as 8.8 based on far-field

co-seismic GPS data.

The current tectonics of the Japanese Islands can

be explained as the interaction between the Pacific,

Eurasia, North American, and Philippine Sea plates

(KANAMORI 1977; TAIRA 2001). Therefore, plate tec-

togenesis in the Japanese Islands is very strongly

influenced by active volcanoes and earthquakes; the

latter are caused by the subduction of the Pacific Plate

below the Eurasia Plate at a rate of 8–9 cm/a west of

the Japan Trench (CHEN et al. 2004). The focal depth

gradually deepens to 600–700 km from the trench

region westward to northeastern China, and both
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shallow and deep high-magnitude earthquakes are

very active in this area (DEPARTMENT OF MONITORING

and PREDICTION, CHINA EARTHQUAKE ADMINISTRATION

2007; KANAMORI et al. 2006). Co- and post-seismic

crustal deformation observed on the Chinese main-

land after the 9.0 Tohoku-Oki earthquake provided

significant data for the analysis of the far-field effects.

In this article, we discuss the far-field co- and post-

seismic effects using a theoretical simulation.

2. Co-seismic Far-Field Effects of the 9.0 Tohoku-

Oki Earthquake

Figure 2 shows the relationship between the co-

seismic displacements and epicentral distance for a

north-western profile (see the location of the profile in

Fig. 1). The figure shows that the co-seismic dis-

placement exponentially decayed with distance from

the epicenter (Fig. 2a). This exponential decay of the

co-seismic displacements was observed in both the

near-field measurements (collected within the Japa-

nese islands) and the far-field data recorded in eastern

China and on the Korean peninsula. The data set

collected for the near-field displacements was rela-

tively large and of high quality, and the fitted

attenuation index 1/b of the near-field co-seismic

displacement data agree well with that of the entire

profile (Fig. 2b). However, the fitted attenuation

index for the far-field co-seismic displacement data,

especially more than 1000 km away from the epi-

center, is significantly smaller than the profile as a

whole (Fig. 2c).

A variety of data were recorded during the MW

9.0 Tohoku-Oki earthquake, including digital seismic

waveforms, continuous GPS data, strong motion

seismographs, submarine sonar-GPS integrated data,

sea-floor pressure data, InSAR, and tsunami data.

Based on these data, the co-seismic dislocation of the

9.0 earthquake can be obtained by several different

inversion methods (see, for example, HAYES 2011;

SIMONS et al. 2011; LAY et al. 2011; KOPER et al.

Figure 1
Spatial distribution of the co-seismic displacements caused by the 9.0 Tohoku-Oki earthquake (KIDO et al. 2011; IINUMA et al. 2012). The

green arrows represent the seabed surface co-seismic displacements, the blue arrows are the near-field surface co-seismic displacements on

the Japanese Island (GEONET), and the red arrows show the far-field co-seismic displacements (WANG et al. 2011; ZHAO et al. 2012; HWANG

et al. 2012). The inlet figure represents the detailed arrows of Japan GPS vectors and sea-bed vectors
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2011). However, the results of these methods are in

disagreement; for example, the maximum disloca-

tions in some results are nearly 60 m (Fig. 3b, SHAO

et al. 2011), while they are derived to be just over

30 m in other studies (Fig. 3c, WEI et al. 2011). ZHOU

et al. (2012) found significant differences between

the theoretical results and the near-field measure-

ments using different models, but only small

differences in the far-field data. Thus, Zhou et al.

believe significant differences would not occur in the

far field because of the varying co-seismic

dislocations. In this article, we also note the same

phenomenon (Fig. 3a), but this does not mean that the

co-seismic dislocation has little influence on the far-

field co-seismic displacement. We observed that the

spatial distributions given by the two co-seismic

dislocation models mentioned above were consistent,

but the maximum dislocation varied greatly between

magnitudes 9.0 and 9.1. Based on the dislocation

model developed by SHAO et al. (2011), we analyzed

the relationship between the moment magnitude and

the far-field co-seismic displacement fitting residuals.

Figure 2
The relationship between the co-seismic displacement and the epicentral distance. a The observed co-seismic crustal deformation in the region

denoted by the dashed box of Fig. 1; the green triangles are the co-seismic seafloor deformations above the fault, the blue triangles are the

near-field crustal co-seismic deformations observed using near-field GPS on the Japanese Island, and the red triangles are the crustal

displacements observed by far-field GPS in mainland China and the Korean Peninsula. b The value of the near-field crustal co-seismic

displacement follows an exponential decay trend with distance from the epicenter. c The far-field co-seismic displacements (i.e., those more

than 1000 km away from the focus) also decay exponentially with epicentral distance
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In this article, we varied the value of the dislocation

by percentage instead of varying the spatial distri-

bution of the dislocations. This work also uses the

error function from ZHOU et al. (2012).

Figure 4a shows the relationship between the co-

seismic moment magnitude and the displacement

error, defined here as the difference between the

theoretical values of the far-field displacements and

their actual values observed using GPS on the Chi-

nese mainland. The figure shows that the moment

magnitude of this Tohoku-Oki earthquake was most

likely MW 9.06 using far-field co-seismic displace-

ments more than 1000 km from the focus. Although

there is little difference in the error caused by an MW

9.0 earthquake or an MW 9.1 earthquake, the GPS

data indicated that the actual far-field co-seismic

displacement was smaller than the calculated dis-

placement for a MW 9.1 earthquake, and larger than

that of a MW 9.0 earthquake. That is, the GPS data

indicate that the far-field co-seismic displacement

was very sensitive to the magnitude of this Tohoku-

Oki earthquake.

Both the moment magnitude and the maximum

dislocation were relatively small if only the GPS-

observed near-field co-seismic displacement data are

used as a constraint (DIAO et al. 2011). This may be a

(b)

(a)

(c)

Figure 3
a The spatial distribution of the far-field co-seismic displacement observations (red arrows) and the simulation values (green and blue

arrows). The green arrows are theoretical values of the far-field co-seismic displacements, calculated using the co-seismic dislocation model

in b referred by SHAO et al. (2011); the blue arrows indicate the values from the co-seismic dislocation model in c obtained through the

inversion method of WEI et al. (2011)
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result of each near-field GPS measurement point only

being sensitive to parts of the co-seismic dislocation.

Therefore, an unfavorable distribution of near-field

GPS stations may have offset the advantage offered

by the numerous data points. However, while far-field

GPS observations are not sensitive to the spatial

distribution of the co-seismic dislocation, they are

sensitive to the energy released by the event. We also

calculated the theoretical co-seismic displacements at

the SUIY GPS station in China caused by different

magnitude events occurring in the Japan Trench

region. We found that a significant co-seismic dis-

placement can be detected on the Chinese mainland

when an earthquake with a magnitude over 8.0 occurs

in the Japan Trench (Fig. 4b).

3. Post-seismic Far-Field Response Following

the March 11, 2011 Tohoku-Oki Earthquake

3.1. Previous Studies on the Near-Field Post-seismic

Deformation

The 11th March MW 9.0 earthquake in the Japan

Trench was similar to other strong earthquakes, such

as the MW 9.5 Chile earthquake in 1960, in that it

exhibited an obvious post-seismic displacement in

addition to significant near-field co-seismic displace-

ments (LORENZO et al. 2006; OZAWA et al. 2011,

2012). Based on the GPS-based post-seismic crustal

deformation data from Japan GEONET, DIAO et al.

(2013) analyzed the temporal and spatial evolution of

the aseismic fault slip near the Japan Trench after the

earthquake. The same authors also estimated the

effective viscosity coefficient of the upper mantle

along the Japan Trench subduction, which can be

used to explain the post-seismic crustal deformation

observations in Japan. These previous results were

based on the near-field geodetic observations.

Omori’s law has been used to fit the aftershock

occurrence rate (UTSU 1961), and, recently, it has

been widely applied to afterslips (WENNERBERG and

SHARP 1997; MONTÉSI 2004; LANGBEIN et al. 2006;

HELMSTETTER and SHAW 2009). Figure 5a shows the

cumulative moment released by the afterslip of the

MW 9.0 Tohoku-Oki earthquake as a function of time.

We apply a modified form of Omori’s law to fit this

cumulative moment as

M ¼
M0t

� 1þ t=t�ð Þ1�p�1
h i

1� p
þ Mlt; ð1Þ

where M is cumulative moment, t is the time since

main shock (days); t*, M0, Ml, and p are fitting

Figure 4
a The relationship between displacement error (defined in text) and the value of the magnitude. b Co-seismic displacement measured at SUIY

station (China) caused by earthquakes of varying magnitude in the Japan Trench region. RMS is obtainable using the formula (1). The RMS

misfit curve shows a clear unique global minimum at Mw 9.06
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parameters, t* is characteristic time, M0 is initial

value, Ml is a constant changing rate, and p is

exponent of energy rate decay. The value of p ob-

tained from the fit is approximately 0.69. Based on

this fitting formula, we extrapolated the gradient of

the aseismic fault slip with time variation and

determined that it will decrease to zero after

3.9 years following this earthquake (Fig. 5a); the

total moment released by the afterslip is equivalent

to that of a MW 8.77 earthquake. DIAO et al. (2013)

found that the relative proportion of the crustal

deformation caused by the viscoelastic relaxation in

the post-seismic deformation increased with time

after the event. Using an inversion method with the

post-seismic GPS crustal deformation data from

Japan, they estimated the optimal values of elastic

crust thickness and lithosphere viscosity to be

40 km and 8 9 1018 Pa s, respectively, both of

which are close to the inversion results from the

post-seismic crustal deformation data after the

Hokkaido Nansei-Oki MW 7.8 earthquake in 1993

(UEDA et al. 2003). We simulated the post-seismic

crustal deformations caused by viscoelastic relax-

ation and found that for short time scales, the

change was linear (Fig. 5b). The annual crustal

deformation caused by the viscoelastic relaxation is

equivalent to the co-seismic deformation caused by

an MW 8.02 earthquake.

3.2. GPS Observations and Theoretical Simulations

of Post-seismic Crustal Deformation

To compare the far-field crustal deformation

changes before and after the shock on the Chinese

mainland and the Korean Peninsula, we selected 13

GPS continuous observation stations that had been in

operation for over 4 years before the MW 9.0 Tohoku-

Oki earthquake, and subsequently obtained the sin-

gle-day solution processed by GAMIT/GLOBK

10.40. The analysis process is as follows: (1)

calculate the linear trend of the time series before

March 11th, 2011 (Fig. 6a); (2) subtract the pre-

earthquake linear trend from the time series after

March 11th, 2011 (Fig. 6b); (3) subtract the co-

seismic step from the post-seismic time series and

obtain time-varying post-seismic far-field crustal

deformation (Fig. 6c); (4) calculate the post-seismic

far-field displacement caused by the afterslip and the

viscoelastic relaxation following the MW 9.0 Tohoku-

Oki earthquake, and subsequently fit the data using

the modified Omori’s law given in Eq. (2) (Fig. 6c),

and (5) subtract the simulated co- and post-seismic

far-field effect from the initial time series to obtain

the residual data showing the continuation of the pre-

seismic linear trend as shown in Fig. 6d.

The formula used to fit the post-seismic displace-

ment using the modified Omori’s law is (HELMSTETTER

and SHAW 2009)

Figure 5
The cumulative moment released by the postseismic effect. a The afterslip of the March 11th Tohoku-Oki earthquake over time (DIAO et al.

2013), and b is the cumulative moment corresponding to the surface deformation caused by post-seismic viscoelastic relaxation varies in time

(DIAO et al. 2013)
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V ¼
V0t

� 1þ t=t�ð Þ1�p�1
h i

1� p
þ Vlt; ð2Þ

where V is post-seismic displacement, t is the time

since main shock (days); t*, V0, Vl, and p are fitting

parameters, t* is characteristic time, V0 is initial

value, Vl is a constant changing rate, and p is expo-

nent of displacement rate decay. The fitting

parameters of the theoretical post-seismic displace-

ments at the various stations are shown in Table 1.

There are a number of differences in the p values

among the stations, but, as a whole, they are close to

the p value of the cumulative energy released by the

afterslip, and the values in the east–west direction are

smaller than those in the north–south direction.

Figure 7 shows the post-seismic crustal displace-

ment observed on the Chinese mainland and the

Korean Peninsula during the first 1.5 years after the

MW 9.0 Tohoku-Oki earthquake. The GPS data

indicate that the far-field post-seismic displacement

within a year and a half of this earthquake is

consistent with the far-field crustal deformations

caused by the afterslip and the viscoelastic relaxation.

In other words, the far-field post-seismic effect of the

MW 9.0 earthquake can be explained largely by the

afterslip and the viscoelastic relaxation. The GPS

Figure 6
The analysis process for the GPS observation data from the SUIY station. a The time-series data observed at the station; b the data with the

pre-earthquake linear trend subtracted from the time-series data; c the data with the pre-earthquake linear trend and the co-seismic step of the

Tohoku-Oki 9.0 earthquake subtracted from the time-series data; d is obtained by subtracting the post-seismic changes caused by the afterslip

and the viscoelastic relaxation of the March 11 event from the post-seismic observations in the time-series data
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data also indicate that the post-seismic displacement

after this earthquake at the SUIY station was

24.6 mm (Table 1) and that the co-seismic displace-

ment was 31.8 mm. Compared with the results of

WANG et al. (2001) that the crustal deformation of the

northeastern China mainland relative to the Eurasian

frame is \5 mm/year, the far-field post-seismic

crustal deformation following the 9.0 earthquake is

significant.

4. Coulomb Failure Stress Changes in the Far Field

The stress field obtained by the focal mechanism

solutions indicates that there were significant varia-

tions in the regional stress near the Japan Trench

before and after the MW 9.0 Tohoku-Oki earthquake

(HASEGAWA et al. 2012), which changed the Coulomb

stress not only in the subduction zone (YE et al. 2012)

but also in the tensional fault east of the subduction

Table 1

Fitting parameters for the observed and calculated post-seismic far-field displacements

Station GPS/mm SIM/mm V0 t* p Vl

BJSH

EW 3.58 4.82 0.6971 0.2073 0.6571 -2.03E-03

NS 0.27 0.12 0.5635 0.0133 0.8764 -6.94E-05

CHUN

EW 8.42 11.79 1.0527 0.4435 0.6694 -3.36E-03

NS -4.67 -4.22 -0.1452 2.2379 0.7298 -3.76E-05

DAEJ

EW 16.93 14.67 4.3059 0.0439 0.6285 -3.63E-03

NS 6.32 3.01 37.1336 2.85E-04 0.6905 5.43E-06

HLAR

EW 2.78 4.10 0.3055 0.6629 0.6643 -2.03E-03

NS -1.28 -2.05 -0.0831 1.9103 0.7114 4.60E-04

HRBN

EW 10.42 10.21 0.8237 0.5140 0.6610 -3.59E-03

NS -4.38 -5.66 -0.2224 1.7252 0.7062 4.38E-04

JIXN

EW 8.79 5.45 0.7712 0.2110 0.6564 -2.21E-03

NS -1.10 0.11 0.1597 0.1164 1.0086 -6.56E-05

KHAJ

EW 4.09 4.63 0.2365 1.2023 0.6232 -4.10E-03

NS -9.66 -8.66 -0.2004 5.4519 0.7643 1.09E-03

SUIY

EW 19.73 18.92 1.5797 0.4307 0.6552 -4.79E-03

NS -14.60 -12.79 -0.4696 1.7552 0.7082 -4.48E-04

SUWN

EW 18.74 15.74 3.3331 0.0799 0.6363 -3.64E-03

NS 4.74 2.05 9.0595 2.39E-03 0.7390 8.41E-05

TAIN

EW 3.51 4.32 0.9737 0.0964 0.6498 -1.84E-03

NS 2.85 0.91 1.1137 8.14E-03 0.6673 -3.19E-04

SHAO

EW 3.12 3.23 4.9201 4.24E-03 0.6403 -1.38E-03

NS 3.90 1.60 5.88E?5 2.18E-11 0.6494 -4.50E-04

ZHNZ

EW 3.67 2.72 0.7066 0.0818 0.6525 1.28E-03

NS 2.51 0.78 0.6796 0.0130 0.6601 -3.10E-04

WUHN

EW 3.90 2.02 1.0253 0.0287 0.6524 -9.58E-04

NS 1.80 0.90 2.0196 2.81E-03 0.6553 -3.44E-04

418 S. Zhigang et al. Pure Appl. Geophys.



zone (TODA et al. 2011; HIRATSUKA and SATO 2011).

The most commonly used method to analyze the

influence of earthquakes on stress accumulation in a

fault involves determining the Coulomb stress chan-

ges (HARRIS 1998), where the formula for the

Coulomb stress change is

Drf ¼ Dsþ l0Drn: ð3Þ

In this equation, s is the shear stress, rn is the

normal stress, and l0 is the effective coefficient of

friction.

In this section, we analyze the Coulomb stress

changes induced by the 9.0 Tohoku-Oki earthquake

on the main faults in northeast and northern China.

There are a large number of faults in these two areas

as shown in Fig. 8. The parameters of these faults

mainly refer to the existing earthquake focal mech-

anisms (JIANG et al. 2011) and are based on the

results of a number of field studies (DENG et al.

2003). These faults can be divided into three types

according to strike: NE-trending, NW-trending, and

approximately EW-trending. The co-seismic Cou-

lomb stress was enhanced after the MW 9.0

earthquake in most of the NE-trending faults, while

it weakened in NW-trending, EW-trending, and a

small number of NE-trending faults (Fig. 8a). The

Coulomb stress changes induced by the afterslip

were slightly less but still close to the changes

caused by the co-seismic effect (Fig. 8b), and the

Coulomb stress changes induced by the viscoelastic

relaxation within 10 years will be similar to the

changes caused by the co-seismic effect (Fig. 8c).

These independent effects mentioned above do not

approach the stress triggering threshold; however,

the cumulative Coulomb stress changes induced by

co-seismic effects, afterslip, and viscoelastic relax-

ation within 10 years will probably exceed the

trigger threshold at a few faults (Fig. 8d). Among

these faults, the Yilan-Yitong fault and the Dunhua-

Mishan fault of the northern section of the Tan-Lu

fault zone show the greatest increases in stress, with

the Yalujiang and the Fuyu-Zhaodong faults also

showing significant stress increases. Most of the

ML C 4.5 seismicity after the MW 9.0 earthquake

was associated with the NE-trending faults, but

the Yilan-Yitong, Dunhua-Mishan, Yalujiang, and

Fuyu-Zhaodong faults were not among them. While

a number of field studies show this, the Yilan-Yitong

Figure 7
The far-field post-seismic crustal displacement within 1.5 years of the March 11th Tohoku-Oki earthquake. The red arrows are the GPS

observations, and the blue arrows are the far-field post-seismic crustal displacement caused by the afterslip and the viscoelastic relaxation
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fault was active during the Holocene period with an

M C 7 earthquake 1730 ± 40 years ago (MIN et al.

2011), and M C 6 earthquakes have occurred in the

southwestern region of the Yalujiang fault, such as

the M 6.1 earthquake in 1917 and the M 6.8 earth-

quake in 1944 (EARTHQUAKE DAMAGE PREVENTION

DEPARTMENT 1995).

5. Discussion of Crustal Strain in Northeast

and Northern China

The MW 9.0 Tohoku-Oki earthquake caused a

very significant far-field co-seismic and post-seismic

response. What is noteworthy was that the co-seismic

response was instantaneous, and the duration of

Figure 8
Coulomb stress changes (Pa) on the main faults in northeast and northern China caused by the March 11th Tohoku-Oki earthquake. a The

Coulomb stress changes caused by the co-seismic effect; b Coulomb stress changes caused by afterslip; c Coulomb stress changes caused by

viscoelastic relaxation projected to occur within 10 years after the event; and d the cumulative Coulomb stress changes induced by the

co-seismic, afterslip, and the viscoelastic relaxation effects expected within 10 years. The black circles indicate the ML C 4.5 events that have

occurred in these regions since March 11th, 2011 (from the China Earthquake Networks Center). The fault zones are as follows: F1 Tan-Lu

fault zone, F2 Yilan-Yitong fault zone, F3 Dunhua-Mishan fault zone, F4 Yalujiang fault zone, F5 Zhuanghe fault zone, F6 Jinzhou fault zone,

F7 Fuyu-Zhaodong fault zone, F8 Nenjiang fault zone, F9 Hulunhu fault, F10 Jinzhou-Fuxin fault zone, F11 Beipiao-Chaoyang fault zone,

F12 Balihan fault zone, F13 Haiyang fault zone, F14 Ninghe-Changli fault zone, F15 Chengxi fault zone, F16 Cangdong fault zone, F17

Xinhe fault zone, F18 Taihang mountains fault zone, F19 southern marginal fault zone of the Yuxian basin, F20 northern marginal fault zone

of Tianzhen-Yanggao, F21 Kouquan fault zone, F22 northern foot fault zone of the Liuleng mountain, F23 northern foot fault zone of the

Wutai mountain, F24 piedmont fault zone of the Taihang mountains, F25 Liaocheng-Lankao fault zone, F26 Hailaer fault zone, F27 Namohe-

Boli-Beian fault zone, F28 the second Songhua river fault zone, F29 Xilamulun fault zone, F30 Kaiyuan-Chifeng fault zone, F31

Zhangjiakou-Bohai seismic belt, F32 Lingxian-Xinyang fault zone, F33 Guangji fault zone, F34 piedmont fault zone of Mengshan, and F35

Cangni fault zone (DENG et al. 2003 ; INSTITUTE OF GEOLOGY 1987; ZHANG et al. 2003)

420 S. Zhigang et al. Pure Appl. Geophys.



afterslip was not very long, but the contributions of

the post-seismic viscoelastic relaxation induced by

this significant earthquake will last a long time. For

example, a significant crustal deformation caused by

the viscoelastic relaxation from the MW 9.5 Chile

earthquake in 1960 can still be detected 30 years later

(LORENZO et al. 2006; KLOTZ et al. 2001). Based on

the viscoelastic medium model, we calculated the

theoretical post-seismic crustal deformation. The

results show that the crustal deformation subsequent

to the earthquake follows an exponential decay trend

above the epicenter and that the major post-seismic

deformation will occur during the first 100 years

following the earthquake (Fig. 9a). At the SUIY

station, which is 1276 km away from the epicenter,

although the post-seismic crustal deformation decays

exponentially with time as a whole, a linear variation

is found for the first 200 years following the earth-

quake (Fig. 9b). In addition, at the SUIY station, the

viscoelastic relaxation will induce crustal velocity

changes of 2.75 mm/a for a significant period of time

subsequent to the March 11 Tohoku-Oki earthquake,

which means that the post-seismic displacement from

viscoelastic relaxation in 11.56 years may be equiv-

alent to the co-seismic displacement of this 9.0

earthquake (Fig. 9c).

Figure 9
Crustal deformation subsequent to the earthquake. a The crustal deformation subsequent to the earthquake above the epicenter; b the

coseismic and post-seismic viscoelastic cumulative displacement at the SUIY station; c the post-seismic displacement changes over time at

the SUIY station caused by the viscoelastic relaxation of the March 11th 2011 Tohoku-Oki earthquake
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A number of studies show that the evolution of

important geological structure belts in northeast and

northern China is inseparable from the subduction of

the Pacific plate. The Tan-Lu fault, the largest fault in

this region, is a good example. In the early Creta-

ceous period, the Izanagi plate obliquely subducted

below East Asia with a high speed, most likely

caused by the Pacific super-plume (MARUYAMA et al.

1997), and it may be the dynamic source for the

sinistral strike-slip of the Tan-Lu fault. During the

late Cretaceous, the Izanagi plate moved northward,

while at the same time, the Pacific plate subducted at

a medium-speed at the margin of the Chinese main-

land (MARUYAMA et al. 1997), and the subduction

angle changed from 10� to 80� (ZHOU and LI 2000). A

high-angle forward subduction resulted in the

asthenosphere upwelling and the lithosphere delami-

nation in northern China. In this process, large

extensional tectonics appeared on the strike-slip tec-

tonics, with extension activity occurring earlier in the

south than in the north (ZHU et al. 2001). Since the

Neogene period, the subduction direction of the

Pacific plate has changed from NNW to NWW, and,

simultaneously, the Indian plate moved toward the

NE. Thus, the Tan-Lu fault developed a thrust with a

dextral strike-slip motion (ZHU et al. 2002).

The change of the westward subduction motion of

the Pacific plate also induced the lithosphere upwel-

ling in East Eurasia. This affected the geological

structure and volcanic activity not only in East China,

but also in Mongolia and southern Siberia (YIN 2010).

Seismic tomography measurements (HUANG and ZHAO

2006) indicate that the westward subduction of the

Pacific plate flattened at 660 km and extended into

northeastern and northern China. It may have had a

direct impact especially on deep earthquake and

volcanic activity in northeast China. It should be

noted that the Yilan-Yitong and Dunhua-Mishan

faults were the regions of the Chinese mainland most

affected by the 9.0 Tohoku-Oki earthquake.

The eastern boundary of the Amurian microplate

is made up of the Japan Trench subduction zone, the

Japan Nankai subduction zone, and the southwest

subduction boundary of the Okhotsk block (APEL

et al. 2006). Based on historical earthquake studies,

large earthquakes have also occurred in the Japan

Nankai trough (ISHIBASHI 2004; MOCHIZUKI and OBANA

2003). If such events with magnitudes similar to the

March 11th Tohoku-Oki earthquake have occurred in

either of the subduction zones mentioned above, then

the effects of such powerful earthquakes should be

taken into account during an analysis of the regional

crustal deformation in northeastern and northern

China. However, the method by which to account for

these effects requires further studies and additional

observations.

6. Conclusion

Continuous GPS observations of the significant

far-field co-seismic and post-seismic displacements

induced by the MW 9.0 Tohoku-Oki earthquake on

March 11th 2011 were performed. In this study, we

made the following observations.

1. The far-field GPS-observed co-seismic displace-

ment data are very sensitive to the magnitude of

events similar to the MW 9.0 Tohoku-Oki earth-

quake; Significant far-field co-seismic

displacement can be observed in Eurasia only

when the moment magnitude of the earthquake is

greater than 8.0 near the Japan Trench.

2. The afterslip following the MW 9.0 Tohoku-Oki

earthquake decays exponentially with time and

may come to an end 4 years after the event. The

post-seismic crustal deformation will be mainly

caused by viscoelastic relaxation. The post-seis-

mic displacement within 1.5 years observed by

GPS in Eurasia can be explained by the afterslip

and the viscoelastic relaxation.

3. The co-seismic and post-seismic Coulomb stress

caused by this earthquake was enhanced signifi-

cantly in many NE-trending faults in northeastern

and northern China, especially in the Yilan-Yitong

and the Dunhua-Mishan faults (the northern

section of the Tan-Lu fault zone), as well as the

Yalujiang and Fuyu-Zhaodong faults.

4. The far-field post-seismic displacement in Eurasia

caused by the viscoelastic relaxation within

10 years will be equivalent to the co-seismic

displacement following the MW 9.0 Tohoku-Oki

earthquake. Thus, the post-seismic effect caused

by the viscoelastic relaxation after such an
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earthquake should not be ignored in regional

deformation and dynamics studies.
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