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The Mw 9.0 Tohoku megathrust earthquake on 11 March 2011 is a great surprise to the sci-

entific

 

community due to its unexpected occurrence on the subduction zone of Japan Trench 

where earthquakes of magnitude ~7 to 8 are expected based on historical records. Slip dis-

tribution and kinematic slip history inverted from seismic data, GPS and tsunami recordings 

reveal two major aspects of this big event: 

1. A strong asperity near the hypocenter. High Vp anomalies [Zhao et al., 2011] and low 

    Vp/Vs anomalies [Yamamoto et al., 2014] there strongly suggest some kind of 

    topographic relief exists there responsible for the large slip asperity. 

2. Unexpected large slip near the trench which results in signific

a

nt  upl ift at  seaf loo

r

 and 

    hence devastating tsunami to human society.

The main goal of this project is to understand the physical condition controlling the 2011 M9 

Tohoku megathrust eartqhuake along the Japan Trench subduction zone. We performed 3-D 

spontaneous dynamic rupture modeling of this big earthquake by using the explicit fini te el-

ement code EQdyna integrated with complex fault geometry and rate- and state- dependent 

friction law to get insights into the fundamental physics of this specific case of megathrust 

earthquake which may shed light on megathrust earthquake prediction along subduction 

zone in the future.
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Our code EQdyna utilizes explicit fini te element method to perform 3-D spontaneous dy-

namic rupture simulation on a dipping subduction fault with traction-at-split-node(TSN) 

scheme. Three major physical aspects are prescribed as inputs for the model: 

1. frictional behavior/properties

2. geologic structure(including fault geometry and material properties) 

3. initial fault stresses
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Results

Figure 1. Non-planar geometry representing hypothesized topographic relief on the subducting 

fault surface. Note that the bump-like geometry is exaggerated along height axis for better visu-

alization. 

Figure 2. Depth dependence of constitutive pa-

rameter (a-b) in rate- and state-friction law for 

simulation. Positive value of (a-b) at shallow 

part represents velocity strengthening proper-

ty which could act as a barrier factor for the 

rupture to propagate. 

Irregular geometry of fault surface induces al-

teration of local stress state. Non-parallelism of 

fault surface and fault motion direction causes 

additional extention or compression to regional 

stresses. We assumed a 80m slip for long-term 

plate subduction and applied dynamic relaxation  

technique to obtain stress anomaly induced by 

such geometrical complexity. 

Figure 3.  Schematic plot of geometry complexity on fault and assumed 

sense of motion of the lower plate denoted by the red arrow. 

Figure 4.  Initial normal stress configu r at ion for simulation. Background stress level is depth-dependent. The elliptical shape of stress anomly comes from the 

irregular geometry on the fault. Down-dip side of the bump exhibits more compressive state while up-dip side is less compressive. Below the bump is a high 

pore pressure nucleation zone. 
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Earth

Lithosphere = Curst + Upper Mantle   Plates; Plate Tectonics

Curst
Mantle

Core

Why Do 

Earthquakes 

Happen?
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Earthquakes occur at Plate Boundaries
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Potential Earthquake 
in North China

(Yin et al., 2014)

(Duan et al., 2017)

Topography (color) and sediment basin 

depth (contours) in North China.
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Peak Horizontal Ground Velocity from 3 Scenario Realizations (Duan et al., 2017).

Scenario earthquakes and corresponding ground motions from parallel finite element simulations of 

dynamic rupture and wave propagations. In each model, there are ~480 million elements. Each simulation 

takes ~22 hrs using 256 MPI processes: ~5000 BUs + 500 Gb Memory per Simulation.
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Dynamic rupture on fault (Top) and seismic wave 
propagation along Earth’s surface (Bottom)

(Duan et al., 2017) 6


