


Mechanism for Tsunami Generation: 
Large Shallow Slip  

uplift ≈ slip × sin(dip)

Shallow fault dip

Nearly horizontal displacement

large slip

Kodaira et al. (2012)

?

Inefficient to generate tsunami

No vertical exaggeration

Elastic dislocation theory gives

Large stress concentration

Japan Trench



Satake et al. (2013)

Large Near-Trench Slip in 
the 2011 Tohoku 

Earthquake

Fujiwara et al. (2011)

50 m horizontal displacement



Fujiwara et al., GRL (2017)

The largest 
runup occurred 
along the 
Sanriku coast 
(>100 km north 
of the 
epicenter).

2011 Tohoku Tsunami

Bathymetry before and after the earthquake in the 
northern Japan trench indicates no large slip near 
the trench or submarine landslides.



Kodaira et al. (2021)

Without large shallow 
slip or submarine 
landslides what caused 
the large tsunami along 
the Sanriku coast?



Satake et al. (2013)

From Uchida and Bürgmann (2021)

Representative Slip Models of the 2011 Tohoku Earthquake

Iinuma et al. (2012) Lay et al. (2011)



Impulsive tsunami!

Du et al. (2021)Satake et al. (2013)



2D Models Incorporating Inelastic Wedge Deformation

Ma (2012)
Ma and Hirakawa (2013)

Elastic Inelastic

• Inelastic deformation generates tsunami efficiently with diminishing slip 
on the fault

• Inelastic deformation is a large energy sink that can lead to slow rupture 
velocity, deficiency in high-frequency radiation, and low
energy-to-moment ratio



Byrne et al. (1988)

Tri-axial experiment

σ1σ1

σ 2 =σ 3

σ 2 =σ 3

Understanding Inelastic Deformation



Sediment Thickness

Satake et al. (2013)
Tsuru et al. (2002)

Sedimentary wedge

Elongate low velocity layer



Drucker-Prager Yield Criterion

Undrained 
parameters:

Skempton’s coefficient: 𝐵 = 0.6
Biot’s coefficient: 0.5

𝑠!": deviatoric stress tensor
c: cohesion (variable, determined by CF)
𝜙: internal friction angle

Shear stress Yield stress

The Closeness-to-Failure

𝐶𝐹 =
𝑆ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠
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The time-weakening friction

𝜌 = 2500 𝑘𝑔/𝑚!

𝑉" = 6000 𝑚/𝑠
𝑉# = 3464 𝑚/𝑠

𝜌 = 2500 𝑘𝑔/𝑚!

𝑉" = 3464 𝑚/𝑠
𝑉# = 2000 𝑚/𝑠

Initial friction: 0.6
Static friction: 0.75
Characteristic weakening time: 0.375 s

Element size: 250 m

3D Dynamic 
Rupture Model 
with Wedge 
Plasticity for a 
Mw 8 Earthquake

Ma and Nie (2019)

Critical stress solution (Dahlen, 1984)
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Du et al. (2021)

Simulation 
of the 1896 

Sanriku 
Tsunami by 
Solving  the 
Nonlinear 

Boussinesq 
Equation 



Du et al. (2021)



Runup Comparison: Models vs. 1896 Sanriku Data

Du et al. (2021)
Remarkable fit without any model tuning



An Alternative View on the Generation 
of the 2011 Tohoku Tsunami

Wedge plasticity provides a self-consistent mechanism for

• Efficient tsunamigenesis landward from trench with
diminishing near-trench slip on the plate interface, consistent
with the bathymetry observations in the northern Japan Trench

• Depletion in high-frequency seismic radiation
• Impulsive tsunami
• Large runup along the Sanriku coast (largely due to impulsive

tsunami)

The physics of tsunamigenesis is critical in tsunami hazard
assessments and early warnings in the Japan Trench and
worldwide.



Scholl et al. (2015)
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