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• Tectonics and plate boundaries 
• The process of subduction 
• Forces associated with subduction 
• Subduction related observables 
• Insights from laboratory and numerical experiments 
• Reconciling observations and models 
• Some unresolved problems in tectonics
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Tectonics
• Set of “rigid” plates 

drifting over a convecting 
viscous mantle 

• Heat released from the 
core and internal 
radiogenic elements 

• The mantle cools over 
time by thermo-chemical 
convection and 
conduction 

• Plate tectonics is the 
most efficient way to 
remove heat from the 
Earth’s interior
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Major plates
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Convection and continents
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Breakup of Pangaea (Windley,1995)



Plate boundary classification
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1 Ridges 
2 Trenches 
3 Transforms 



Ridges
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• Spreading center 
• Divergent boundary 
• Accretionary plate 

boundary 
• Oceanic plate creation



Ridges
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• Topographic highs in 
the ocean 

• High heat flow



Ridges
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• Topographic highs 
in the ocean 

• High heat flow



Trenches
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• Convergent plate 
boundary 

• Oceanic plate 
destruction



Trenches
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• Seismicity 
• Volcanism 
• Curvature



Trenches
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• Seismicity 
• Volcanism

http://www.earth.northwestern.edu/people/seth/107/Ptdev/Image80.gif

Tonga

Japan



Transform faults
• Shearing (or slip) 

boundary 
• Fault is 90 degrees to 

ridge axis (e.g. 
parallel to the 
spreading direction) 

• May posses vertical 
offsets 

• Physical origin is 
poorly understood
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Ocean Ridge



Transform faults
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PAC



Driving forces of plate tectonics 
• Driving forces 

• ridge push 
• slab pull 

!

• Resisting forces 
• Trench 

friction 
• Basal drag 
• Suction in the 

mantle
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? 

Basal drag

Ridge push

Slab pull

Trench friction



Ridge push
• Ridge push or 

“gravitational sliding” 
• Plate moves from ridge, 

continuing to cool and 
thus thickens 

• Cooling causes density 
increase and 
subsidence w.r.t the 
ridge axis 

• Relative elevation 
difference creates 
horizontal buoyancy 
force pointing outwards 
from ridge axis
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Which force dominants?
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Available data
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• GPS velocities 
• Plate geometries 
• Estimates on 

trench, ridge, 
transform lengths



Looking for correlations 
The Forsyth & Uyeda 1975 study
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“On the relative importance of the driving 
forces of plate motion” 
Donald Forsyth and Seiya Uyeda, 
Geophys. J. R. astr. Soc. (1975), 43, 163—200



Methodology
• Forces 

• Act on bottom surface of plates 
• Act along plate boundaries (ridge, trench, transform) 

• Plate inertia negligible 
• implies dynamic equilibrium 
• implies net torque equal zero on each plate 

• Determine size of forces which minimizes net torque on 
each plate via an inversion
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Methodology
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Assumptions
• Mantle drag proportional to surface area and relative 

velocity 
• Ridge push proportional to length of the ridge. Ridge 

push is independent of plate velocity 
• Slab pull is a function of density of slab and slab volume 

(length of trench). Slab pull is independent of plate 
velocity.
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Mantle drag?
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• Expect correlation 
between plate area 
and velocity 

• No correlation 
observed. 

• Truly oceanic 
plates do appear to 
be faster (less 
mantle drag) 

• —> mantle drag 
not the major 
driving force



Mantle drag?
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• Expect correlation 
between plate area 
and velocity 

• Plates with larger 
continental areas 
do appear to move 
slower 

• —> higher mantle 
drag?



Friction along transform faults?
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observed



Ridge push?
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• Expect plates with 
more effective 
length (e.g. length 
not cancelled by 
another ridge) to 
move faster 
!

• “Top plates” 
Antarctic, Africa, 
Cocos, Nazca 

• Correlation does not 
appear to be very 
strong
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Slab-pull?
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• Expect plates with 
more larger length 
connected to trench 
to move faster 
!

• Strong correlation 
between velocity 
and length of trench 

• —> slab-pull is a 
major factor in 
determine plate 
velocity



Correlation summary
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Conclusions of Ueyda
• Plate velocity is a function of the total area of the 

continental lithosphere and the percentage of the plate 
boundary which is connected to a subducting plate 

• In other words,  
• continental plates are slow (due to increased drag) 
• and oceanic plates that are attached to subduction 

zones are fast 
!

• These results imply that slab pull is the primary driving 
force of plate motion 
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Importance of subduction
• Subduction provides the main 

force driving plate motion and 
flow in the Earth’s mantle 

• With respect to the evolution 
of slabs, we interested in 
understanding; 
• the role of rheology 
• the role of slab geometry 
• nature of flow field 

associated with subduction
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(Billen, Annuv. Rev. EPS, 2008)



Subduction processes: 
Observations
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Surface data
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• Trench location 
• Active seismicity 

(shallow and deep) 
• Volcanism



Surface data
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• Geometry (length, curvature) 
• Velocity (advance, retreat)

(Schellart et al, Nature, 2007)



Surface data
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(Schellart et al, Nature, 2007)



Volumetric models / data
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(Van der Hilst, Nature, 1995)

Tonga slab



Slab interfaces
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Japan

(Zhao et al, Nature, 1992)
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Slab geometry diversity

(Replumaz et al, EPSL, 2004)



“Slab detachment” — 
Break-off? gaps? tears?
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Seismic gaps… tears?

!39(Miller et al, EPSL, 2005)

Observations



Seismic gaps… tears?
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Interpretation
(Miller et al, EPSL, 2005)



Subduction processes: 
Laboratory experiments
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Laboratory experiments

!42(Schellart, G3, 2008)

• No over-riding plate 
• No ridge push 
• Driven solely by “slab 

pull” (imposed 
perturbation) 

• Viscous rheology 
• “slab” — silicone 
• “mantle” — glucose



Free-subduction
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slab retreat slab retreat then advance

• “Upper mantle” 
models: scaled 
tank depth ~720 
km 

• Vary the viscosity 
contrast between 
the slab and 
mantle



Shallow mantle models
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Deep mantle models
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• “Upper-lower 
mantle” models: 
scaled tank depth 
~2280 km



Flow field
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Strong poloidal 
mantle flow

No slab tip 
poloidal mantle 
flow

Strong toroidal 
flow around 
slab edges 
within the 
mantle



Flow field
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Strong toroidal 
flow around slab 
edges within the 
mantle



Subduction regimes
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Subduction processes: 
Insights from numerical 

experiments
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• Curvature of ocean arcs 
previously attributed to 
spherical nature of Earth 

• Curvature can arise from 
• feedback between 

migrating lithosphere and 
mantle flow (lower bound) 

• internal heterogeneities 
(upper bound)
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Slab curvature

(Morra et al, Geology, 2006)



Slab curvature
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(Schellart et al, Nature, 2007)



Slab curvature

(Schellart et al, Nature, 2007)



Subduction style 

!54 (Gerya et al, Geology, 2007)



Subduction style 

!55 (Gerya et al, Geology, 2007)



Subduction style 

!56 (Gerya et al, Geology, 2007)



Subduction style 

!57 (Kaus et al, PEPI, 2010)



Lab versus numerics
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side view

bottom view



Seismic anisotropy
• Shear wave splitting in 

anisotropic material 
• Polarized shear wave 

enters, two waves exit at 
different speeds and with a 
phase shift 

• Delay and phase shift can 
be used to infer the nature 
of the effective anisotropic 
constitutive tensor
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Sources of seismic anisotropy
• SPO (shape preferred 

orientation) 
• Due to material 

inhomogeneity, e.g. 
layering, aligned faults /
cracks, aligned melt / fluid 
lenses 

• CPO / LPO (crystal / lattice 
preferred orientation) 
• Olivine crystal is highly 

anisotropic 
• Under dry conditions, 

olivine aligns with its fast 
axis in the direction of flow

Faccenda et al. Nature 455, 1097–1100 (2008)



Anisotropy observations

!61 M Faccenda et al. Nature 455, 1097–1100 (2008)



Trench parallel flow?
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Trench parallel flow?

!63 M Faccenda et al. Nature 455, 1097–1100 (2008)



Trench parallel flow?
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Jadamec & Billen, Nature 465, 338–341 (2010)



On-going research topics
• Origin of seismic anisotropy near trenches 
• Mechanisms required to initiate subduction 
• Role of fluid and melt migration in subduction processes  
• Factors which lead to the development of slab break-off, 

tears, gaps 
• Topographic signature associated with slab detachment 
• How the evolution of the landscape (erosion, deposition) 

influence styles of subduction  
• Physical origin and rheology of transform faults 
• Ultimate fate of subducted slabs
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