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“Off the Pacific coast of Tohoku Earthquake” (M9.0, on 
March 11th, 2011) is the greatest one in Japanese seismic 
record. The hypocenter is located 130 km ESE off the Pa-
cific coast of Tohoku with the focal depth of 24 km. The 
quake-triggered tsunami afterward seriously damaged the 
nuclear reactors and caused severe consequences to the so-
ciety [1].  

The main shock of the Tohoku Earthquake lasted for 
about 140 s [2] and hundreds of aftershocks occurred during 
the next couple of days [1]. On March 25th, 2011, Okada, 
the president of NESC, gave a preliminary report on the 
earthquake as follows [1]. This earthquake is of thrust type, 
caused by the rebound of a continental plate (North Ameri-
can) against a subducting oceanic plate (Pacific) at the Ja-
pan Trench. The rupture (offset of rock) is initiated from a 
hypocenter and spreads to make a planar cut surface. But, 
the gigantic energy of M9.0 earthquake was never radiated 
only from the hypocenter and the amount of offset deter-
mines the magnitude of the earthquake [1]. If so, what spe-
cific amount of rock offset the gigantic energy comes from 
and how large the relevant region is become the two key 

issues in understanding the earthquake.  
According to our experimental and theoretical study of 

catastrophic rupture in heterogeneous media, such as rocks, 
catastrophic rupture should be a self-sustainable process. 
That is to say, during a catastrophic rupture, the elastic en-
ergy released from the unloading zone should afford all 
dissipations in the rupture, including the dissipation in rup-
ture zone, radiating stress waves, etc. [3–5]. In this paper, 
based on the GPS observations available now, the distribu-
tion of co-seismic incremental strains are reconstructed first, 
and then the elastic energy released from an unloading re-
gion is calculated and compared to the energy involved in 
seismic waves. The comparison of the two energies is in 
reasonable agreement and the reconstructed incremental 
strain field clearly highlights the region, which makes the 
major contribution to the earthquake. 

1  Method and results 

The main shock and the aftershocks of Tohoku Earthquake  

Table 1  The two faults of rupture zone in Tohoku Earthquake [6] 

 Latitude (N) Longitude (E) Length (km) Width (km) Strike (°) Dip (°) Rake (°) Slip (m) 

Fault 1 39.00° 143.49° 199 85 202 18 97 27.7 

Fault 2 37.21° 142.52° 176 82 201 15 81 5.9 
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were concentrated on two faults, see Figure 1 and Table 1 
[6]. To facilitate the following analysis of the deformation 
field of Tohoku Earthquake, a local coordinate system XOY 
is set, where X-axis and Y-axis are parallel and perpendicu-
lar to the faults’ strike respectively (see Figure 1). The ori-
gin of the coordinates is set at the location of Tohoku 
Earthquake. 

We adopt Bi-Harmonic Interpolation Spline method [7, 8] 
to fit the co-seismic displacements based on GPS observa-
tion data [6] and to reconstruct the incremental displace-
ments and strains in a half space limited by the faults, 
namely Y>0. Since there are no GPS observations available 
in the sea, we assumed that a cubic polynomial fitting (con-
sistent with the adopted Bi-Harmonic Interpolation Spline 
method) of the GPS observations in inland could represent 
the variations in the region between the coast and the fault, 
see Figure 2. Actually, as shown in Figure 2, this cubic 
polynomial fitting leads to a co-seismic Y-displacement near 
hypocenter over 10 meters. Noticeably, on April 6th, 2011, 
the Japan Coast Guard announced that according to their 
observations, the sea bed near the hypocenter moved about 
24 m southeastward [9]. So, the extrapolation into the sea 
seems to be fairly reasonable. 

Thus, the X- and Y-components of co-seismic increm-
ental displacements ΔU and ΔV are reconstructed with 
Bi-harmonic Spline Interpolation. Since the component ΔU 
is much less than ΔV, only the Y-component ΔV is given in  

 

 

Figure 1  The co-seismic horizontal displacement and the two faults 
involved in Tohoku Earthquake with the local coordinate XOY. The origin 
of the coordinate XOY is the hypocenter of the main shock in Tohoku 
Earthquake [6]. 

Figure 3. Then, the incremental strains can be obtained with 
difference calculation and, as above, only the incremental 
normal strains ΔεY perpendicular to the faults is shown in 
Figure 4, since the absolute value of the other strain incre-
ment ΔεX is also very much less than that of ΔεY. The con-
tour plot of ΔεY in Figure 4 shows the spatial variation of 
the unloading (rebounded extension) strain increments. The  
 

 

Figure 2  Five fittings at five X-sections on half-space (Y>0) with cubic 
polynomial fitting based on inland GPS data. The reversed triangles denote 
the inland GPS data in five regions −250 km<X<−150 km, −150 
km<X<−50 km, −50 km<X<50 km, 50 km<X<150 km, 150 km<X<250 km 
and the dash lines are the corresponding cubic polynomial fittings respec-
tively. The squares denote the extrapolated values of incremental dis-
placement ΔV at Y=0. 

 

Figure 3  The distribution of the reconstructed co-seismic incremental 
displacement ΔV. The red pentagon is the hypocenter of Tohoku Earth-
quake. The two rectangles are the faults of Tohoku Earthquake. The red 
dots stand for the locations of GPS stations. The black line is the sketch of 
Japan. The white lines are the iso-ΔV contours. The co-seismic incremental 
displacement ΔV increases sharply near the hypocenter of Tohoku Earth-
quake. 
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Figure 4  The distribution of reconstructed co-seismic incremental nor-
mal strain ΔεY=Δ(ΔV)/ΔY. The negative values imply rebound extension. 
The co-seismic incremental normal strain ΔεY is concentrated on the region 
near the hypocenter of Tohoku Earthquake. And the extreme extension 
could attain 8×10−5. The bold white contour denotes the threshold εY,c=10−6. 

distribution also indicates that the unloading normal strain 
increment increases as approaching the faults and the 
maximum of the unloading normal strain increment could 
reach as high as about 8×10−5. And the unloading strain 
increments are concentrated in the region with |ΔεY|>10−6, 
namely 0<Y<400 km. 

The unloading strain increment ΔεY<0 should be closely 
related to the energy release during Tohoku Earthquake 
owing to its elastic nature. After assuming the rupture stress 
σc be (∼0.2×10−2) times elastic modulus (∼5×1010 N/m2), i.e., 
σc~1×108 N/m2 and the depth of crust d~24 km, the released 
energy in the unloading region limited by the faults (Y=0) 
and an outbound contour of a strain increment threshold (as 
|ΔεY|>εY,c=10−6 shown in Figure 4) can be integrated nu-

merically with 
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grid area (5 km×5 km) and εY,c is the threshold of incre-
mental strain.  

The estimated released energy is about E∼8×1018 J, when 
εY,c is taken to be 1×10−6. Figure 5 shows the dependence of 
the released energy and the relevant area on the threshold of 
incremental strain εY,c. Obviously, with the strain increments 
|ΔεY|>εY,c=10−6, the released energy E∼1018.9 J≈8×1018 J and 
the relevant area of about 105.2 km2≈2×105 km2 do charac-
terize the Tohoku Earthquake. 

2  Conclusions and discussions 

The released energy during the Tohoku M9.0 earthquake is  

 
Figure 5  The dependence of the released energy E (▼) and the area A (□) 
on the relevant region on the threshold of incremental strain εY,c. When the 
threshold εY,c decreases to 10−5.75, the calculated released energy nearly 
stops increasing at 1018.9 J corresponding to the area A∼105.2 km2. 

estimated as 8×1018 J. Notably, the released energy is in the 
same order of magnitude of the energy involved in seismic 
waves Esw∼104.8+M×1.5=104.8+9×1.5≈2×1018 J (notice that the 
seismic wave energy of aftershocks is merely ~1015 J in 
accord with the earthquake catalogue provided by NEIC 
(www.usgs.gov)), but greater than the latter. Since the en-
ergy involved in seismic waves is just a fraction of the total 
energy dissipation in an earthquake, the above comparison 
of the two energies is reasonable. Additionally, the esti-
mated released energy must be a lower bound of the total 
released one, since only the energy related to the incre-
mental component of strain ΔεY is calculated. All these in-
dicate that an earthquake should be a self-sustained catas-
trophic process and the energy dissipation associated with 
earthquake is specifically provided by the adjacent elastic 
unloading body. 

The unloading strain increments |ΔεY|>εY,c=10−6 and the 
relevant area of ~2×105 km2 (roughly 400 km×500 km to 
the northwest of the faults) are the other two characteristic 
features of Tohoku Earthquake owing to their close relation 
to the energy release in Tohoku Earthquake. Obviously, the 
relevant area covers most part of the eastern Japan, slightly 
beyond the west coast of Japan, but not very much (see the 
bold white contour in Figure 4). Additionally, the region of 
about 104.9 km2~160 km×500 km with normal strain incre-
ments |ΔεY|>10−5 contributes about 90% of the estimated 
released energy. 
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