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Real slabs aren't free

Yamato et el. (2009)



Yamato et el. (2009)



Regional subduction flowlines
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● Stiff, dense 
slab (blue) 
drives flow

● Subduction rolls

● Streamlines don't 
match dip

Becker & Faccenna (2009)



Embedded (nested) subduction flow
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Becker & Faccenna (2009)



43-48 Ma

25-43 Ma

Lithgow-Bertelloni et al. (1993)

Plate motion histories and subduction



Direct Comparisons: Using Past Tectonics

[Voo et al., 1999]

[Replumaz et al., 2004]



Stokeslets

Ricard et al. (1993)

43-48 Ma

25-43 Ma



Ricard et al. (1993)



Subduction 
models
over 
time

Ricard et al. (1993); Lithgow-Bertelloni & Richards (1998); 
Steinberger (2000); Spasojevich et al. (2009)
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 Tomography vs. advected slabs

Becker & Boschi (2002)
Lithgow-Bertelloni & Richards (1998); Steinberger (2000); Bunge & Grand (2000); Spasojevic & Gurnis (2009)

> 99.9 %
Advected
Slablets



Tomography vs. advected plumes

Boschi et al. (2007, 2008)
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Input model Output

Correlation between input and output 
as a function of wavelength

correlation
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Inversion uses Simmons & Grand 
S body wave data, plus some noise 



Absolute reference frame 
from slabs

Van der Meer et al. (2010)



Van der Meer et al. (2010)



Global circulation models

Hager & O'Connell (1981)

Tractions from plate motionsTractions from plate motions
acting on asthenosphereacting on asthenosphere

● Mantle viscous Stokes flow, 
no inertia

– Instantaneous solution 
for boundary conditions 
and internal loads

– Semi-analytical, if 
viscosity is Newtonian 
and only depth 
dependent

● Force model

– Plate motions prescribed

– Evaluate mantle 
tractions and plate 
driving forces



Geoid

EGM360, 
corrected for hydrostatic shape 
of a rotating Earth (Nakiboglu, 1986)



Forte (2007)



Hager (1984)



Mantle shear velocity anomalies

e.g. Grand and van der Hilst (1997); Fukao (2001); Romanowicz (2006); Becker and Boschi (2001); Nolet (2008)

Map at 1200 km depthMap at 1200 km depth



Mantle temperature anomalies

● Use mineral physics to convert velocity into 
temperature (density) anomalies

Map at 1200 km depthMap at 1200 km depth

e.g. Hager (1984); Hager & Clayton (1989); Lithgow-Bertelloni & Richard (1998); Forte (2007)



Global circulation models
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Geoid for tomography 
driven flow

● Isoviscous – free slip surface boundary condition

Tomography @ 1200 km
Non-hydrostatic geoid

Constant 
d ln ρ/d ln v

s



Geoid for tomography 
driven flow

● Lower mantle stiffer

Non-hydrostatic geoid
Tomography @ 1200 km



Geoid for tomography 
driven flow

● Four layer (~best-fit) model

Non-hydrostatic geoid
Tomography @ 1200 km



King (2007)







Issues: Plate velocities as a constraint for
lateral viscosity variations

O'Connell et al. (1991); Ricard et al. (1991); Ribe (1993); Forte & Peltier (1993); Thoraval & Richards (1997); Moucha et al. (2008); Ghosh et al. (2009)

Flow model Flow model with only radial viscosity variationswith only radial viscosity variations
Poloidal componentPoloidal component ● No toroidal flow 

without lateral 
viscosity 
variations (no PT 
coupling)

● Strain-rates not 
very plate-like

ObservedObserved plate velocities in hot spot reference frame plate velocities in hot spot reference frame
Poloidal componentPoloidal component Toroidal componentToroidal component

Sources and sinks Strike slip motion, spin



The role of the plate boundaries
● Velocity model

– Prescribe weak 
plate boundaries 

– Compute plate 
drag coupling and  
driving torques

– Solve for Euler 
vectors for rigid 
plates

● Correlations good, 
but oceanic plates 
move as fast as 
continental ones

Ricard & Vigny (1989); Lithgow-Bertelloni & Richards (1998); Becker & O'Connell (2001); Conrad & Lithgow-Bertelloni (2002); Becker (2006) 

Observed plate motionsObserved plate motions

Modeled plate motionsModeled plate motions

Ricard & Vigny (1989)



Forte (2008)

Slow (“plume”) anomalies

Divergence of free slip
computation

Divergence of plate 
coupled computation



Geoid and 
LVVs

● Free slip surface

● Four layer 
viscosity (not 
optimized)

● SMEAN 
tomography

Correlation with observed geoid
0 < L < 20

Observed geoid

Surface velocities with
viscosity in background

Geoid



Geoid and 
LVVs

● Free slip 
surface

● Weak zones, 
stiff keels

Observed geoid

Surface velocities with
viscosity in background

Geoid



Geoid and 
LVVs

● Prescribed 
plate motions

Surface velocities with
viscosity in background

Observed geoid

Geoid



Forte (2007)



Forte (2007)

● Physical 
insight

● Useful for 
inversions

Plate 
“velocity” 
and gravity
kernels
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GIA inversion

joint inversion

Combining GIA and geoid



Alternative viscosity solutions

Panasyuk & Hager (2000)



Best-fit scaling 
factors

Forte (2008)



Issues: How to scale velocities to 
density anomalies?

Karato & Karki (2001); Forte & Mitrovica (2001); Steinberger & Calderwood (2006); Stixrude & Lithgow-Bertelloni (2007)



Seeing the slab 

Ricard et al.
(2005)



Bull et al. (2010)



Bull et al. (2010)



Can we improve the 
subduction models 

with circulation 
computations?







Adjoint methods

Spasojevich et al. (2009)



Spasojevich et al. (2009)

reference

Stress guide 1

Stress guide 2

Stress guide 3

Free 
convection

Plate motions
Dynamic topography



Predicted
flooding

Dynamic 
topography

Temperature
anomaly

Spasojevich et al. (2009)



Some comments on plate 
motions from global models



Forte (2007)



Ghosh et al. (2010)



Ghosh et al. (2010)



Ghosh et al. (2010)



Ghosh et al. (2010)



P wave models

S wave models

Slab models

Ridge 
push/
GPE 
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Slab 
pull

Slab 
suction

Driving the plates 

Ricard & Vigny (1989); Lithgow-Bertelloni & Richards (1998); Zhong et al. (2000); Becker & O'Connell (2001); Conrad & Lithgow-Bertelloni (2002); Becker (2006)

Becker & O'Connell (2001)
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