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First 2D numerical geodynamic model 
(1970) 



Petrological processes in a subduction zone 



P-T paths from subduction complexes  
(Ernst, 1988) 



Contrasting P-T paths: 
result of continuous subduction? 

Subduction under an oceanic arc 

area 
of interest 
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mantle wedge 



Petrological/rheological model 
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Animation  
“Oceanic subduction” 
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(Gerya et al., 2002, Tectonics) 
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Gerya & Yuen (2007) 
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*(1-λ) 
Plastic strength of the crust decreases  

with increasing pore fluid pressure 
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Subduction under  
a volcanic arc / an active margin 

e.g. Japan 

e.g. Andes 



Zhao, 2004 



Turcotte & Schubert (1982) 



1.  What is slab bending mechanism?  
    Viscous? Elastic? Both?  
2. What is slab resistance to bending? 
    Large? Small? Various? 

? ? 



Ranero et al (2003) 
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ρ = ρ (Pressure, Temperature, Composition, Mineralogy) 
H = H (Pressure, Temperature, Composition, Mineralogy) 

Gibbs free energy minimization 

(Gerya et al., 2001, 2004, Connolly & Petrini, 2002, Vasiliev et al., 2004)  



ρ Cp(DT/Dt)  = ∂(k∂T/∂x)/∂x + ∂(k∂T/∂z)/∂z + Qp + Qshear + Qradioactive 

Qp  = (DP/Dt)[1- ρ (∂H/∂P)T]  Cp = (∂H/∂T)P 

Latent heating is implemented via effective heat capacity (Cp)  
and effective adiabatic heating (Qp) 

computed numerically from the enthalpy and density maps  

Lagrangian temperature equation 

standard thermodynamic relations 

D(lnρ)/Dt  + div(v) = 0 
Lagrangian continuity equation for compressible flow 

Volumetric effects of phase transformations  
are taken into account in both the momentum and the continuity equations 



















































































Widiyantoro et al. (1999) 

Mishin et al.  
(2008) 
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Faccenda et al (2009,  accepted to Nature Geosciences) 



? 



Typical thermal structures of mantle plumes  (Hier Majumder et al., 2002) 

Thermal norm: 
rising plumes are hotter then their environment 

No exceptions?! 



Seismic tomography of Japan trench region 
Tamura et al., (2002) 

Zhao & Kayal, (2000) 

Zhao et al. (1992) 



Animation  
“Cold plumes 

& 
Cold waves” 
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Gerya et al. (2004) 
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Incipient magma chamber 



Incipient magma chamber 
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(Gerya et al., 2004) 



10 million markers 

Gerya et al. (2006) 

Mixed and unmixed cold plumes 

(with slab fluids signatures) 

(with crustal melts) 
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I3ELVIS Gerya & Yuen, 2007 



3D 
Zhu  et al. (2009) 
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Gorczyk  et al. (2006) 
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Gerya and Löw (in preparation) 





Plastic strength of rocks decreases  
with increasing pore fluid/melt pressure 

λfluid λmelt 

We explored two  
weakening parameters: 
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Batholitic 
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Lithospheric necking stage 

Incipient spreading stage 

Mature spreading stage 



Backarc spreading stage Stable subduction stage 





Castro et al. (2009) 



Sizova et al. (2009) 





Numerical experiments (different mantle temperature and radiogenic hating) 
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Numerical experiments (different mantle temperature and radiogenic hating) 



Normal subduction 

Initial experiment 
(present day) 

Formation of mantle wedge, arc, backarc basin 

ΔT = 0 – 175 °C 



Underthrusting (“pre-subduction” regime) ΔT = 175 – 250 °C 

  Plates are very weak. 
  They have strong tendency of horizontal buckling. 

  Both slab and lower continental crust start to melt. 

Hx2.5 

No mantle wedge, no arc, no backarc basin. 



“No subduction” regime ΔT > 250 °C 

Hx3 

Only horizontal movements 
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Sizova et al. (2009) 



ΔT=160°C ΔT=175°C ΔT=200°C ΔT=250°C 

“normal subduction” 
regime 

“pre-subduction” 
regime 

“no subduction” 
regime 

Petrological data: 
  Neoarchean time (2.5-3Ga): 

ΔT = 100 - 200°C 

H > Hx1.5 

H: Hx2 – Hx3 

(Grove, Parman, 2004; Komia et.al., 1999) 

(Chacko, 2003; Hynes, 2001; Davies, 1992) 

Transitions from numerical experiments 

? 



Evolving tectonic regimes Kent C. Condie 

> 4.5 Ga ? 

 3.0 - 2.5 Ga 

4.5 - 3.0 Ga 

Steep Subduction 

Flat Subduction 

Symmetric Subduction 

Presentation on Geological Society of America 
Penrose Conference 
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A combination of slab pull (mostly) and ridge-push has been shown to be the dominant driving 
mechanism of plate tectonics (e.g. Elsasser, 1967; McKenzie, 1969; Forsyth and Uyeda, 1975). It 
is also known that an oceanic lithosphere older than 20-50 Ma becomes denser than the 
underlying asthenosphere. However, McKenzie (1977) showed that, despite the favourable 
gravitational instability and ridge-push, elastic and frictional forces prevent subduction from 
arising spontaneously.  
Therefore the twofold question: what forces can trigger subduction (other than negative 
buoyancy and ridge-push), and where can it nucleate? Several mechanisms have been proposed 
to try and answer this double question:  
(1) plate rupture within an oceanic plate or at a passive margin (e.g. McKenzie, 1977; Dickinson and Seely, 
1979; Mitchell, 1984; Müeller and Phillips, 1991).  
(2) Reversal of the polarity of an existing subduction zone (e.g. Dickinson and Seely, 1979; Mitchell, 1984).  
(3)  Change of transform faults into trenches (e.g. Uyeda and Ben-Avraham, 1972; Hilde et al., 1976; Cooper 
et al., 1977; Karson and Dewey, 1978; Casey and Dewey, 1984; Müeller and Phillips, 1991).  
(4) Sediment loading at passive margins of old or young lithosphere (e.g. Dewey, 1969; Fyfe and Leonardos, 
1977; Karig, 1982; Cloetingh et al., 1982; Erickson, 1993; Regenauer-Lieb et al., 2001).  
(5)  Forced convergence at oceanic fracture zones (e.g. Mueller and Phillips, 1991; Toth and Gurnis, 1998; 
Doin and Henry, 2001; Hall et al., 2003; Gurnis et al., 2004). 
(6) Tensile decoupling of the continental and oceanic lithosphere due to rifting (Kemp and Stevenson, 1996).  
(7)  Lateral compositional buoyancy contrast within the lithosphere (Niu et al., 2003).  
(8) Addition of water (Regenauer-Lieb et al., 2001).  
(9) Small-scale convection in the sub-lithospheric mantle (Solomatov, 2004).  
(10)  Thermal-chemical plumes (Ueda et al., 2008). 
(11)  Spontaneous thrusting of the buoyant continental crust over the oceanic (Mart et al., 2005).  



continent ocean 

Nikolaeva et al. (in revision) 
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The age of the oceanic plate  
does not play a major role ! 

Nikolaeva et al.(in revision) 



Nikolaeva et al.  
(in revision) 

Thin continental lithosphere and  
large chemical density contrast between oceanic and continental mantle  

favor and speed-up subduction initiation 



Chemical density contrast 
Chemical density contrast between subcontinental 

lithospheric mantle (SCLM) and Primitive Mantle after 
Poudjom Djomani et al., 2001, Earth Planet. Sci. Lett., 
184, 605-621: 
 for Archean age of SCLM ~ 80 kg/m3, 
 for Proterozoic age of SCLM ~ 40 kg/m3, 
 for Phanerozoic age of SCLM ~ 30 kg/m3. 

Nikolaeva et al. (submitted) 



December 2009, Cambridge University Press 


