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Compressible Convection and Subduction: Kinematic and Dynamic Modeling 

Changyeol Lee 

(ABSTRACT) 

 

 Subduction is a dynamic and time-dependent process which requires time-dependent models for 

its study.  In addition, due to the very high pressures within the Earth’s interior, an evaluation of the role 

of compressibility in subduction studies should be undertaken.  However, most subduction studies have 

been conducted by using kinematic, steady-state, and/or incompressible mantle convection models; these 

simplifications may miss important elements of the subduction process.  In this dissertation, I evaluate the 

effects of time-dependence and compressibility on the evolution of subduction by using 2-D Cartesian 

numerical models.  

 The effect of compressibility on the thermal and flow structures of subduction zones is evaluated 

by using kinematically prescribed slab and steady-state models.  The effect of compressibility is primarily 

expressed as an additional heat source created by viscous dissipation.  The heat results in thinner thermal 

boundary layer on the subducting slab and increases slab temperatures.  With that exception, the effect of 

compressibility is relatively small compared with, for example, the effect of the mantle rheology on the 

thermal and flow structures of the mantle wedge. 

 Plate reconstruction models show that the convergence rate and age of the incoming plate to 

trench vary with time, which poses a problem for steady-state subduction models.  Thus, I consider the 

time-dependent convergence rate and age of the incoming plate in the kinematic-dynamic subduction 

models in order to understand the localization of high-Mg# andesites in the western Aleutians.  The 

results show that the localization of high-Mg# andesites is a consequence of the time-dependent 

convergence rate and slab age along the Aleutian arc. 

 The influence of mantle and slab parameters as well as compressibility on the slab dynamics is 

evaluated by using 2-D dynamic subduction models.  The results demonstrate that periodic slab buckling 

in the mantle results in periodic convergence rate and dip of the subducting slab; time-dependence is a 

natural expression of subduction.  The effect of compressibility on the slab dynamics is not significant.  

The periodic convergence rate and dip of the subducting slab explain time-dependent seafloor spreading 

at the mid-ocean ridge, convergence rate of the oceanic plate at trench and arc-normal migration of arc 

volcanoes.  
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Chapter 1 

Introduction 

 

1.1 Mantle Convection and Subduction 

 

 History is full of fascinating accounts of speculation regarding the Earth’s interior.  Ancient 

natural philosophers thought that volcanoes, earthquakes and mountain ranges are attributed to the 

deforming molten rocks in the Earth’s interior.  The concept that the Earth’s interior is molten had been 

succeeded to 18
th
 century’s scientists; Newton and Laplace suggested that the molten Earth’s interior 

allows the equatorial bulge of the Earth.  However, most of our present understanding of the Earth’s 

interior has come through the modern scientific instrumentations and techniques developed since 19
th
 

century.  Early seismological and tidal surveys conducted in late 19
th
 and early 20

th
 centuries suggested a 

contradictory interpretation of the Earth’s interior; the Earth’s interior except for the outer core consists of 

layered elastic bodies of which bulk and shear moduli are even larger than those of hard steel [Darwin, 

1898; Jeffreys, 1929].  The Earth’s small deviatoric stresses were considered too weak to deform the hard 

Earth’s interior; mantle deformation was not accepted by many scientists. 

 However, a series of evidence from geophysical and geological observations incessantly suggest 

that the Earth’s interior has been largely deformed through time, contrasting the very hard Earth’s interior 

estimated by the seismological and tidal studies.  Analog experiments and topography analyses show that 

viscous flow of the Earth’s interior explains the mountain building, sea trench and postglacial rebounding 

since the post-ice-age [Haskell, 1935; Pekeris, 1935; Hales, 1936; Griggs, 1939].  The diverse and 

reliable geological evidence derived a meteorologist, Alfred Wegener to hypothesize, ‘continental drift’; 

deformation of the Earth’s interior transposes and breaks the large continents throughout the Earth’s 

history [Wegener, 1924].  In spite of the fact that the hypothesis of continental drift explains the 
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observations, the hypothesis was extensively criticized by scientists because Wegener could not provide a 

reasonable driving force for the large mantle deformation.  Therefore, the hypothesis was abandoned and 

the resurrection of the hypothesis had to wait after the World War II.  The seafloor and paleomagnetism 

surveys conducted throughout the Atlantic seafloor show that the oceanic plate has laterally spread from 

the mid-ocean ridge over millions of years, which indicates the Earth’s fluid-like deformation [Mason, 

1958; Hess, 1962].  The contradiction between the seismological observations (suggesting elastic body) 

and the geophysical and geological observations (suggesting fluid-like body) was resolved when 

subsolidus solid-state flow (creeping) of the elastic materials was suggested as a reasonable deformation 

mechanism under the geological time scale and conditions [Gorden, 1967].  Finally, the theory of plate 

tectonics, one of the most important achievements in Earth sciences, was established [e.g., Wilson, 1963; 

McKenzie and Parker, 1967; Morgan, 1968; Atwater, 1970]. 

   While plate tectonics is a kinematic concept to explain Earth’s surface deformation and 

evolution, it conveys the style of mantle convection occurring in the Earth’s interior [Oxburgh and 

Turcotte, 1968; Forsyth and Uyeda, 1975; Parmentier et al., 1976].  The thermal instability above the 

core-mantle boundary (CMB) has been considered the birthplace for the upwelling [Morgan, 1971; Sleep, 

1992; Kellogg and King, 1997] though the rheological and compositional boundary between the upper 

and lower mantle (660 km discontinuity) has been suggested as a birthplace of the secondary upwelling 

[McKenzie and O'Nions, 1983; Allègre and Turcotte, 1985; Courtillot et al., 2003].  The downwelling 

could be categorized into two; delamination from the bottom of the oceanic/continental plates [Chalot-

Prat and Girbacea, 2000; Zegers and van Keken, 2001] and subduction of the oceanic plate at the trench 

[Stern, 2002; Hansen, 2007 and references therein].  Throughout this thesis, I will primarily discuss the 

one of downwellings, subduction. 

  

1.2 Subduction Zones: Observations 
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 The very high temperatures and pressures of the Earth’s interior frustrate our attempts to access to 

the Earth’s interior.  In 2005, the Japanese advanced drilling vessel, ‘Chikyu’ (Earth in Japanese) was 

constructed to endeavor the Earth’s interior by drilling down to the uppermost upper mantle but, the 

expected accessible depth is only down to ~7 km, literally the Earth’s shallowest outer shell, the crust.  

Therefore, understanding of the evolution of subduction zones has been facilitated by indirect methods, as 

described below. 

 First of all, seismology should be one of the most well-known methods to infer the evolution of 

subduction from the top to the bottom.  Seismic tomographic studies reveal 1) the geometry of subducting 

slabs expressed as Wadati-Benioff zones from analyses of earthquake epicenters [e.g., Isacks and Molnar, 

1971; Engdahl et al., 1998; Syracuse and Abers, 2006], 2) global compilation of slab dips ranging from 

vertical to flat [e.g., Jarrard, 1986; Sdrolias and Müller, 2006; Li et al., 2008], 3) complex features 

including slab tearing and detachment [e.g., Chatelain et al., 1992; Miller et al., 2005] and 4) stagnant 

slab above the 660 km discontinuity [e.g., Fukao et al., 2001; Li et al., 2008].  In addition, other 

tomographic studies have shown that subducted slabs in the mantle are not linear features and interact 

with phase transitions and/or viscosity increases in the transition zone [e.g., Karason and van der Hilst, 

2001; Ren et al., 2007].  The seismology further infers the deepest slab structures in the core-mantle 

boundary (CMB); an accumulation of the ancient subducted material has been proposed in order to 

explain the observed seismic anisotropy around the core-mantle boundary [e.g., Kendall and Silver, 1996; 

Lay et al., 1998]. 

 Along with the seismological studies, gravity, geomagnetic and geodetic studies have been 

conducted to understand the evolution of subduction zones.  The geoid, or departure of gravitational 

potential field from a reference ellipsoid, has local maxima above the Tonga-Kermadec, New Guinea and 

Japanese subduction zones; slab strengths and viscosity profiles of the mantle such as viscosity increases 

across the 660 km discontinuity are constrained by analyzing the geoid data [e.g., Hager et al., 1985; 

Hager and Richards, 1989; King and Masters, 1992; Forte and Mitrovica, 1996].  Geomagnetism studies 

measuring susceptibility of the mantle minerals have inferred the effect of the slab dehydrations on the 
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distribution of hydrated minerals (serpentine and/or chlorite) in the mantle wedge and deep mantle [e.g., 

Kido et al., 2004; Blakely et al., 2005; Kelbert et al., 2009].  With the help of satellites and GPS stations, 

accumulated GPS monitoring data allows Earth scientists to quantitatively analyze the plate rebounds and 

uplift in the subduction zones (e.g., forearc bulge); rheology of the subducting slab and overriding 

continental/oceanic lithosphere is constrained [e.g., Dragert and Hyndman, 1995; Rogers and Dragert, 

2003; Leonard et al., 2004].                  

 In addition to the geophysical observations, geological studies including petrology and 

geochemistry have been facilitated to infer the evolution of subduction zones.  Compared with the 

intraplate volcanisms (e.g., Hawaii), arc volcanoes have experienced diverse igneous activities related to 

the interaction between the subducting slab and overlying mantle wedge [Peacock et al., 1994; Ulmer, 

2001; Kelemen et al., 2003].  Subduction zones are thought to be the only place where flux melting 

occurs; the dehydrated fluids from the subducting slab decrease the solidus of the mantle wedge, which 

results in melting of the mantle wedge [Kawamoto and Holloway, 1997; Ulmer, 2001; Grove et al., 2006].  

Also, subduction zones are important in the studies of continental genesis; high-Mg# andesites (e.g., 

Adakite) similar to bulk composition of the continents are thought to be generated by the slab melting 

[Kay, 1978; Yogodzinski and Kelemen, 1998; Kelemen et al., 2003].   

 

1.3 Subduction Zones: Modeling 

 

 Lifetime of the typical subduction zone spans approximately 200 Myr while the time scale of 

seismic tomography images, geoid and topography and GPS data is restricted to a snapshot of the present-

day state of the slab.  These observations are insufficient to infer subduction dynamics without additional 

insights provided by laboratory (analog) and numerical modeling.  Laboratory modeling was used to infer 

the evolution of subduction zones; one or mixed of sand, silly-putty, honey and corn syrup, etc are used 

for imitating the rheology of the oceanic plate and mantle.  Although simplified rheology as well as initial 
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and boundary conditions are different than the Earth’s, the results of laboratory modeling experiments 

contribute to first-order understanding of the evolution of subduction zones [e.g., Guillou-Frottier et al., 

1995; Funiciello et al., 2003b; Guillaume et al., 2009]. 

 Along with laboratory modeling, numerical models have become a useful tool for mantle 

convection research [e.g., Richter, 1973; Schubert and Zebib, 1980; Moresi and Solomatov, 1998; Tan 

and Gurnis, 2007].  The principle equations relevant to the mantle approximated as a very stiff fluid are 

the Navier-Stokes equations derived in early 19
th
 century [Schubert et al., 2001].  However, the solution 

of the partial differential equation (PDE) can be attained with the idealized initial and boundary 

conditions only, which are not relevant to the Earth’s complex conditions.  In order to solve the PDE, 

numerical approximations such as finite difference (FD) or finite element (FE) methods were developed 

through 19
th
 and 20

th
 centuries but, the huge amount of calculations even for a simple model prevented the 

numerical methods from being applied to Earth sciences.  However, faster and cheaper computers with 

enhanced numerical techniques allow Earth scientists to access large scale computations with complex 

mantle and subduction parameters [e.g., King et al., 1990; Zhong et al., 2000; O'Neill et al., 2006].  

Numerical modeling has several advantages compared with laboratory modeling; compressibility and 

relevant adiabatic gradient, large viscosity variations and melting of mantle and slab can be considered in 

numerical models and are difficult or impossible in laboratory modeling. 

 In order to understand the evolution of subduction zones, numerous numerical modeling studies 

have been conducted for decades [King, 2007; Billen, 2008 and references therein].  Among them, 

kinematic-dynamic subduction models have been used to constrain the thermal and flow structures of 

subduction zones since 1960’s [e.g., McKenzie, 1969; Minear and Toksoz, 1970; Peacock and Wang, 

1999; Billen and Hirth, 2007].  Some of the findings include: 1) the extent of the updip and downdip 

ruptures which limit the depth and location of great earthquakes in subduction zones [e.g., Hyndman and 

Wang, 1993; Hyndman et al., 1995; Oleskevich et al., 1999],  2) distribution of slab and mantle melting in 

the mantle wedge which controls origin and distribution of arc volcanoes [e.g., Iwamori, 1998; Gerya and 
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Yuen, 2003; Grove et al., 2006] and 3) style of metamorphism occurring in the subducting slab which 

constrains the depth of slab dehydration [e.g., Peacock, 1996; van Keken et al., 2002; Grove et al., 2009]. 

 In the kinematic-dynamic subduction models addressing many problems, the slab buoyancy, the 

driving force for subduction, is neglected; thus the subducting slab is kinematically prescribed as a 

boundary condition.  However, slab buoyancy is needed to be considered if our interests are focused on 

the slab deformation in the deeper mantle.  Therefore, fully dynamic subduction models allowing free 

slab deformation have been facilitated though there are still limitations such as the implementation of the 

thrust between the subducting slab and overriding plate [e.g., Zhong and Gurnis, 1992; King and Hager, 

1994; Billen and Hirth, 2007; Behounková and Cízková, 2008].  Despite the limitations, dynamic 

subduction models significantly improve our understanding of the dynamics of subduction zones 

including: 1) the effect of trench migration on slab geometry [e.g., Christensen, 1996; Funiciello et al., 

2003a; Enns et al., 2005], 2) the effect of phase transitions and viscosity contrast across the upper and 

lower mantle on the vigor of the subduction (whole or layered mantle convection) [e.g., Christensen and 

Yuen, 1984; Peltier and Solheim, 1992; King and Ita, 1995], 3) back-arc compression/extension and 

relevant slab deformation [e.g., Wdowinski and Bock, 1994; Pope and Willett, 1998; Sobolev and Babeyko, 

2005], 4) slab detachment and ridge subduction [e.g., Chatelain et al., 1992; Gerya et al., 2004; Burkett 

and Billen, 2009; Mason et al., 2010], and 5) the effect of slab strength and viscosity contrast across the 

upper-lower mantle boundary on geoid and elevation [e.g., Hager et al., 1985; King and Hager, 1994; 

Chen and King, 1998; King, 2002]. 

 Although the kinematic-dynamic and dynamic subduction models considerably contribute to our 

understanding of subduction zones, the effect of time-dependence of the subduction parameters and 

compressibility on the evolution of subduction zones has been rarely evaluated: Steady-state and/or 

incompressible subduction models have been broadly used.  However, the growing evidence indicating 

time-dependence in subduction zones requires consideration of the time-dependence in the subduction 

zone models [e.g., Kay et al., 2005; Sdrolias and Müller, 2006; Stepashko, 2008].  In addition, 

compressibility resulting from the very high pressures within the mantle requires to consider the mantle 
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adiabatic gradient and viscous dissipation in the subduction zone models.  Throughout this dissertation, I 

focus on the effect of time-dependence and compressibility on the evolution of subduction zones.     

 

1.4 Summary of Following Chapters 

 

 In Chapter 2, I evaluate the effect of compressibility on the thermal and flow structures of 

subduction zones.  This work was published by American Geophysical Union – Lee and King (2009), 

Effect of mantle compressibility on the thermal and flow structures of the subduction zones, 

Geochemistry Geophysics Geosystems, 10, Q1006, doi:10.1029/2008GC002151.  For this study, I 

formulated 2-D kinematic-dynamic numerical subduction models similar to those that have been used in 

subduction zone research for the past four decades.  In the kinematic-dynamic models, the subducting 

slab is prescribed as a rigid body subducted at a constant rate and the overriding plate is fixed during the 

experiment run.  The thermal and flow structures in the mantle wedge between the subducting slab and 

overriding plate are dynamically calculated by excluding the mantle buoyancy which is thought to play a 

minor role in the calculations.  The slab dip and thermal boundary conditions for the subducting slab and 

mantle wedge are kept constant for the experiment run.    Because the subducting rate and slab dip, as 

well as thermal boundary conditions, are fixed for the experiment run, the thermal and flow structures of 

the subduction zone models reach to the steady-state.  These simplifications and idealizations might be far 

different than the real evolution of subduction zones but, the effect of compressibility can be evaluated by 

excluding the effect of the other subduction parameters such as trench migration.  The results show that 

heat created by viscous dissipation thins the thermal boundary layer above the subducting slab and slab 

temperatures increase when compressibility is considered.  However, the thermal and flow structures in 

the mantle wedge are not considerably affected by compressibility. This study indicates that 

incompressible mantle convection models could be a good first-order approximation for kinematic-

dynamic subduction zone modeling.    
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 In Chapter 3, I discuss the effect of the time-dependent evolution of the convergence rate and slab 

age on slab melting which contributes to localized high-Mg# andesites in the Aleutian island arc.  This 

work was published by the Geological Society of America – Lee and King (2010), Why are high-Mg# 

andesites widespread in the western Aleutians? A numerical model approach, Geology, v.38, no. 7, p. 

583-586, doi: 10.1130/G30714.1.  High-Mg# andesites observed in the western Aleutians have been 

thought to be attributed to melting of very young subducting slab whereas the present-day old subducting 

slab appears to be too cold to generate slab melting.  A recent numerical model shows that melting of the 

present-day old subducting slab is possible.   However, confinement of the high-Mg# andesites to the 

western Aleutians cannot be correlated with the similar slab age along the trench.  Plate reconstruction 

models show that the convergence rate and slab age have been significantly changed along the Aleutian 

island arc, which implies the time-dependent evolution of the convergence rate and slab age are important 

to infer million-year scale arc magmatism in the Aleutians.  The results from Chapter 2 show that the 

influence of compressibility is mostly expressed as viscous dissipation.  Therefore, instead of using a 

fully compressible model described in Chapter 2, I use incompressible subduction models with viscous 

dissipation.  Compared with traditional steady-state slab thermal structure models, the convergence rate 

and slab age are updated at every time step following the onset of subduction.  The results show that the 

localized distribution of the high-Mg# andesites in the western Aleutians is a consequence of the time-

dependent convergence rate and slab age along the Aleutian island arc.  This study illustrates that time-

dependent subduction parameters such as slab age and convergence rates (i.e. geological history) 

contribute to the spatial and temporal arc magmatism in subduction zones.  

 In Chapter 4, I evaluate time-dependent (periodic) slab buckling which develops in the shallow 

lower mantle and its expression on Earth’s surface, periodic changes in the convergence rate of the 

oceanic lithosphere toward the trench. This work will be submitted to Journal of Geophysical Research 

published by American Geophysical Union. There is abundant evidence indicating that subduction 

processes are time-dependent.  First, plate reconstruction models show that the spreading and 

convergence rates are time-dependent, especially, in the plate bounded by subduction zones such as the 
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Pacific and Nazca plates.  Another line of evidence supporting time-dependent subduction is the poor 

correlation between the slab dip and age.  In addition, the alternating eastward and westward arc 

volcanoes in the Andes have been thought to be attributed to alternating dip of the subducting slab under 

the arc volcanoes.  In order to infer the time-dependent nature of the subducting slab and its expression, 2-

D dynamic subduction models are formulated with relevant parameters and rheologies for the mantle and 

slab.  The results show that periodic slab buckling develops through alternating slab shallowing and 

steepening in the upper mantle and the buckled slab stacks in the shallower lower mantle.  The periodic 

slab buckling results in the periodic convergence rate of the oceanic plate.  Despite the complexities of the 

dynamic subduction models, the period and amplitude of the slab buckling are generally consistent with 

the scaling laws valid for the buckling behavior of vertically descending fluid.  The periodic slab buckling 

and convergence rate in the modeling calculations explain time-dependent seafloor spreading and 

convergence rate, and the poor correlation between the slab dip and age.  The alternating shallowing and 

steepening slab is consistent with the alternating eastward and westward migration of the arc volcanoes in 

the Andes.  This study indicates that consideration of time-dependence significantly improves our 

understanding of subduction zones.  

 In Chapter 5, I briefly propose to conduct time-dependent 3-D (4-D) subduction experiments 

where I can evaluate 3-D aspects of the subduction zones as future studies.  Because all the experiments 

described in this thesis are based on 2-D Cartesian models, along-strike variations of the subduction 

parameters such as oblique convergence and trench geometry can not be included in the models.  

Therefore, I propose that the following studies of 3-D subduction represent the next logical steps in this 

research.  One study should investigate the effect of the oblique convergence and concave trench 

geometry in the Aleutian island arc on distribution of high Mg# andesites, which is an improved study 

described in Chapter 3.  A second study should investigate the effect of asymmetric trench roll-back on 

the slab morphology in the Izu-Bonin-Mariana subduction system.  Seismic tomography images show 

that stagnant slab on the 660 km discontinuity and steeply subducting slab in the Izu-Bonin and the 

Mariana subduction system, respectively.  Plate reconstruction models and numerical models imply that 
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asymmetric trench roll-back may be responsible for the slab morphology.  However, quantitative analysis 

of the effect of the asymmetric roll-back on the slab morphology can be conducted through time-

dependent 3-D subduction experiments.  As a first step, the asymmetric trench roll-back is kinematically 

prescribed with time-dependent convergence rate and slab age, constrained by the relevant plate 

reconstruction models.  Next, dynamically controlled trench roll-back and the effect of the subduction of 

the low-density plateau on the slab morphology will be tested in the time-dependent 3-D subduction 

experiments. 
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Chapter 2 

Effect of mantle compressibility on the thermal and flow structures of the 

subduction zones * 

 

Abstract 

 

The heat generated by viscous dissipation is consistently evaluated using a 2-D compressible 

subduction model with variations of mantle rheology (constant as well as pressure and temperature 

dependent viscosity), dip, age, velocity of the subducting slab.  For comparison, we also conduct 2-D 

incompressible subduction calculations with the same conditions and parameters used in the compressible 

formulation.  The effect of compressibility on the thermal and flow structures of the subduction zones is 

relatively small and concentrated along the base of the mantle wedge; temperature differences < 100 ˚C 

and differences in kinematic energy of the mantle wedge < 1 % between compressible and incompressible 

models.  Mantle rheology has a stronger effect on thermal and flow structures than mantle compressibility 

as well as the variations of dip, age and velocity of the subducting slab.  The heat from viscous dissipation 

in the compressible model increases the slab temperatures over the incompressible model (< 70 ˚C), as a 

result of additional conduction across the slab surface (constant viscosity) and thinning of the thermal 

boundary layer caused by viscosity reduction (pressure and temperature dependent viscosity). 

 

Keywords: subduction zone, compressible model, viscous dissipation 

 

* An edited version of this chapter was published by AGU. Copyright 2009 American Geophysical Union, 

Lee, C. and S. D. King (2009), Effect of mantle compressibility on the thermal and flow structures of the 

subduction zones, Geochemistry Geophysics Geosystems, 10, Q1006,  doi:10.1029/2008GC002151.  To 

view the published open abstract, go to http://dx.doi.org and enter the DOI. 
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2.1 Introduction 

 

 Subduction zones are the sites where active arc volcanoes, orogenic processes, and destructive 

earthquakes from shallow to deep are observed.  The mantle wedge between the slab and overlying 

lithosphere is expected to be cooler than that of the ambient upper mantle due to a cold subducting slab.  

However, both geochemistry of arc magmas and surface heat flow data in the arc and backarc seem to 

require high temperatures in the mantle wedge [Currie et al., 2004; Currie and Hyndman, 2006; 

Furukawa and Uyeda, 1989; Kelemen et al., 2003; Peacock and Hyndman, 1999; Peacock, 2003; 

Peacock et al., 2005; Ulmer, 2001].  To reconcile these seemingly contradictory observations, previous 

studies have suggested induced hot mantle from deep mantle to the corner of the mantle wedge by viscous 

coupling between the subducting slab and mantle wedge or, small-scale mantle convection below the 

backarc [Currie et al., 2004; Kelemen et al., 2003; Peacock et al., 2005; van Keken et al., 2002].  

Although the heat generated by frictional shear heating, viscous dissipation, exothermic metamorphic 

reactions and radiogenic heat production have been suggested as significant heat sources in the mantle 

wedge, they are insufficient to reconcile the geochemical and heat flow observations [Iwamori, 1997; 

McKenzie and Schlater, 1968; Minear and Toksoz, 1970; Oxburgh and Turcotte, 1968; Peacock et al., 

1994; Peacock, 1996]. 

 McKenzie [1969] estimated the heat generated by viscous dissipation in the mantle wedge by 

using an analytic corner flow solution; shear heating concentrates along the bottom of the overlying 

lithosphere and interface between the subducting slab and mantle wedge.  With radiogenic heat 

production in the overlying lithosphere and induced hot mantle flow under the lithosphere, the heat 

caused by viscous dissipation has been suggested a contribution to the high surface heat flow in the 

backarc.  Because the analytic corner flow solution is driven by following the assumptions of an 

incompressible and constant viscosity fluid, it is unknown how much compressibility as well as 

temperature and pressure dependent rheology affects the thermal and flow structures of the subduction 

zones.  Although Kneller et al. [2007] consider viscous dissipation in their subduction model with 
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pressure and temperature dependent viscosity, they also use an incompressible fluid model and the effect 

of compressibility is not quantitatively evaluated.  To consider viscous dissipation and the mantle adiabat 

due to the mantle compressibility consistently, compressible fluid models [e.g., Jarvis and McKenzie, 

1980] are essential but, studies that use a compressible fluid model are rare [Ita and King, 1994; 1998; 

Leng and Zhong, 2008; Zhang and Yuen, 1996].  As a result, most studies of subduction zones are based 

on incompressible fluid models and the differences in the thermal and flow structures of the subduction 

zones between incompressible and compressible fluid models have not been quantitatively evaluated.  In 

this study, we quantitatively evaluate the differences in the thermal and flow structures of the subduction 

zones using incompressible and compressible fluid models. 

 With the consideration of compressibility, we choose a 2-D coupled kinematic-dynamic model in 

which the subducting slab velocity and overlying lithosphere are kinematically prescribed and 

temperature and flow in the mantle wedge are solved dynamically.  Ultimately, a 3-D fully-dynamic 

model considering slab buoyancy and deformation is needed for subduction zone studies.  However, 

convection calculations must overcome difficulties in generating asymmetric subducting slabs [e.g., 

Bercovici, 2003; King, 2001].  Although the coupled kinematic-dynamic model can not be used to study 

the slab dynamics, the fixed and rigid slab geometry in the coupled model is suitable for evaluating the 

effects of variations of dip, age, and velocity of the subducting slab on the thermal and flow structures of 

the subduction zones [van Keken et al., 2008].   Recently, decoupling conditions between the subducting 

slab and mantle wedge have been studied because the conditions control the thermal and flow structures 

of the corner of the mantle wedge [Conder, 2005; Kneller et al., 2007; Wada et al., 2008].  In this study, 

we use partially and fully coupled zones to evaluate the effect of decoupling conditions on the thermal 

and flow structure of the subduction zones.  

Mantle rheology has been studied through diverse geophysical methods including: analyses of 

postglacial rebound [Heskell, 1935; 1936; Karato and Wu, 1993; Mitrovica, 1996; Wu and Yuen, 1991; 

Wu, 1998], analyses of geoid anomalies [Hager and Richards, 1989; King and Masters, 1992; Ricard and 

Wuming, 1991; Richards and Hager, 1984] and laboratory experiments using mantle minerals [Hirth and 
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Kohlstedt, 1995; Karato and Wu, 1993; Mei et al., 2002].  From previous studies, the mantle rheology is 

controlled by pressure, temperature and strain rate and can be expressed by two major flow mechanisms: 

diffusion (Newtonian) and dislocation (non-Newtonian or power-law) creep.  However, it has been the 

subject of debate which flow mechanism is predominant in the upper and lower mantle.  Karato and Wu 

[1993] and Wu [1998] evaluated postglacial rebound data and suggested that the predominant rheology of 

the upper mantle is dislocation creep and lower mantle is diffusion creep.  van Hunen et al. [2005] also 

suggested that the predominant rheology for the upper mantle is dislocation creep based on mid-ocean 

ridge spreading studies.  Distinctive seismic anisotropy implies dislocation creep as the predominant flow 

mechanism in the upper mantle [Karato, 1992; Long and Silver, 2008; Savage, 1999; Silver, 1996].  

However, the opposite evaluation implying the predominance of diffusion creep for the upper mantle and 

dislocation creep for the lower mantle has also been reported  [Wu, 1999].   It has been suggested that the 

effective viscosity of the upper mantle is an expression of lower viscosity either diffusion or dislocation 

creep with respect to temperature and pressure conditions which differ with geological setting [Ranalli, 

2001].  In this study, we evaluate the predominant rheology in the mantle wedge using diffusion and 

dislocation creep as well as constant viscosity used in early subduction models. 

 

2.2 Numerical model 

 

2.2.1 Governing equations and numerical methods 

Mantle materials deform as a very viscous fluid under high temperature conditions and 

geological time scales.  This justifies the use of the governing equations for compressible laminar fluid 

flow.  In addition, mantle conditions satisfies special assumptions; 1) the rate of density (volume) 

variation of mantle materials with time is negligible and 2) because acceleration of mantle flow is very 

slow compared with stress differences, acceleration and momentum can be also neglected.  In other words, 

mantle materials can be considered as a fluid satisfying the conditions of very low Mach number (~ 0) 
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and infinite Prandtl number (> 1022).  By applying the assumptions to the equations of fluid motion [e.g., 

Jarvis and McKenzie, 1980], the governing equations relevant to compressible mantle deformation are; 

)(0 νρ
r

⋅∇=        - continuity equation (1) 

τρ ⋅∇++−∇= gP r0       - momentum equation (2) 

HTk
Dt
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Dt
DTCp ρφαρ ++∇⋅∇=− )(  - energy equation (3) 

where ρ is the density, t is the time, ν
r

 is the velocity, P is the pressure, gr  is the gravitational 

acceleration, τ is the deviatoric stress tensor, Cp is the heat capacity under constant pressure, α is thermal 

expansivity, T is the temperature, k is the thermal conductivity, φ is the viscous dissipation and H is the 

rate of radiogenic heat production.  

 In compressible fluids, compression and expansion of fluids generate heat through viscous 

dissipation [Schubert et al., 2001] 
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ijkkijiiBk δεεηεφ    - viscous dissipation  (4) 

where η is the shear viscosity, Bk  is the bulk viscosity, 
•

ε  is the strain rate tensor, δij is the Kronecker 

delta.  Bk  is neglected (the Stokes assumption) here because volume changes of the mantle occur over 

millions of years and relatively unimportant.  From equation 4, higher viscosity and larger strain rate 

generate more heat energy.    

If the mantle is motionless and chemically homogeneous, density, temperature and pressure 

increase with depth only due to adiabatic compression; this is referred to as the reference state.  However, 

perturbations of density, temperature and pressure from the reference state are created during mantle 

evolution and the perturbations need to be considered.  By linearly summing the reference state and 

perturbations, the equations of state for mantle density, temperature and pressure can be described below;  

(5) density, temperature and pressure for compressible mantle deformation 
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where the overbar and prime mean the reference state and perturbation from the reference state, 

respectively.  

Density perturbation ( 'ρ ) is a function of dynamic pressure ( 'P ) and temperature perturbation 

( 'T ).  For the reference density, we use the Adams-Williamson equation based on the assumption of 

chemically homogeneous and isentropic mantle; 

(6) Adams-Williamson equation 

)exp(0 Γ
=

TH
dρρ      

where ρ0 is the top layer density of the mantle and d is the depth.  The temperature scale height of 

compressible mantle (HT) and the Grüneisen’s parameter (Γ) are defined below; 

(7) temperature scale height of compressible mantle 
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where Ks is the isentropic modulus of bulk compressibility, respectively.  Because Cp, α and Ks are not 

constants under mantle condition, the scale height and Grüneisen’s parameter may not be constants 

[Anderson et al., 1992; Anderson, 1995; Kittel, 1956; Stixrude and Lithgow-Bertelloni, 2005].  However, 

previous studies [Anderson, 2000, and references therein] suggest that the scale height and Grüneisen’s 

parameter may not vary greatly, especially over the upper mantle so we assume the scale height and 

Grüneisen’s parameter constants having values of 6.12×106 m and 1.1, respectively.  With the assumption 
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of constant gravitational acceleration and ignoring phase transitions, the adiabatic temperature distribution 

(T ) and lithostatic pressure ( P ) are defined below;   

(9) adiabatic temperature distribution 
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(10) lithostatic pressure of the adiabatically compressed mantle 
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where Tsurface is the surface temperature at the top of the fluid.  Density perturbations ( 'ρ , mantle 

buoyancy) due to temperature perturbations ( 'T ) and dynamic pressure ( 'P ) in the momentum equation 

are the driving forces for mantle convection.  When temperature perturbations and dynamic pressure in 

the continuity and energy equations are neglected, the governing equations above are reduced to the 

Anelastic Liquid Approximation (ALA, hereafter). [Jarvis and McKenzie, 1980; Leng and Zhong, 2008].  

We neglect the buoyancy term in the momentum equation because convection in the mantle wedge 

thought to be primarily induced by viscous coupling between the subducting slab and mantle wedge [e.g., 

Currie et al., 2004; Peacock, 1991; van Keken et al., 2002].  Therefore, there is no difference between the 

ALA and Truncated Anelastic Liquid Approximation (TALA, hereafter) which neglects the density 

perturbations due to dynamic pressure in the momentum equation.  Finally, the governing equations for 

the compressible mantle convection used in this study are reduced below. 

)(0 νρ
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⋅∇=        - continuity equation (11) 

τ⋅∇+−∇= '0 P       - momentum equation (12) 

HTk
Dt

PD
Dt
DTC p ρφαρ ++∇⋅∇=− )(  - energy equation (13) 

Because the ALA and TALA are the same for the induced mantle convection model, we use the 

ALA to indicate the compressible convection model instead of using the TALA.  When we assume that 
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the density is a constant through the whole domain, the governing equations are reduced to those for 

incompressible fluid flow, the Boussinesq approximation (BA, hereafter) which has been used in most of 

the previous subduction zone studies. 

 The finite element code, ConMan [King et al., 1990] based on 2-D Cartesian coordinate system 

(plain strain), infinite Prandtl number approximation and incompressible fluid approximation (BA) has 

been modified to solve the governing equations for compressible mantle deformation with the equations 

of state and parameters described above.  ConMan solves the continuity and momentum equations 

simultaneously using a penalty method formulation [Hughes, 1987].  To solve the energy equation, the 

method of Streamline Upwind Petrov-Galerkin (SUPG) is used [Hughes and Brooks, 1979]. 

 We use 300 by 200 four-node quadrilateral elements (same elements through the domain) with an 

explicit time solver for solving the energy equation.  Also, we use 600 by 400 element meshes to evaluate 

mesh dependence of our numerical experiments (see Appendix).  Because we change the dip of the 

subducting slab by changing the width of the box, laterally longer and shorter rectangular elements are 

used for the experiments using the dips of 30 and 60 degrees, respectively.  To attain convergence, we 

conduct every experiment for 300 Myr.  We also use the Picard solver but, the Picard solver does not 

converge in some experiments using pressure and temperature dependent viscosity without a special 

modification [Kneller et al., 2007].  For comparison, we conduct the BA experiments using the same 

parameters used in the ALA experiments. 

  

2.2.2 Model geometry 

 In this study, we formulate a 2-D numerical subduction model consisting of a prescribed 

subducting slab, a 50 km thick overlying rigid lid (lithosphere) and the mantle wedge between the slab 

and lid (Figure 1).  Because the main purpose of this study is to evaluate the effect of the mantle 

compressibility on the thermal and flow structures of the subduction zones, geometry of the subduction 

model here is arbitrary and simplified.  Similar numerical models have been used in previous studies [e.g., 

Currie et al., 2004; Davies and Stevenson, 1992; Iwamori, 1998; Kneller et al., 2007; Peacock, 1990; 
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1991; Peacock et al., 1994; Peacock and Hyndman, 1999; van Keken et al., 2002; 2008].  The left top of 

the box corresponds to the trench where subduction of the slab starts.  For the geometry of the subducting 

slab, we divide the slab into two parts; a curving slab to 50 km depth and a straight slab from 50 km to 

400 km depth.  For the slab geometry to 50 km depth, we use an ellipsoidal curve where gradient changes 

gradually from 0 degree at the trench to the dip of the straight slab (45 degrees in Figure 1) at the tip of 

the mantle wedge.  Because we vary the dip of the straight slab, considering the dips of 30, 45 and 60 

degrees by changing the ratio of depth (400 km fixed) to widths of the boxes as 1: 2/33 , 1:3/2 and 

1: 2/3 , respectively, the gradient of the curving slab to 50 km depth is also changed with respect to the 

dips.  We vary the ages of the subducting slab as 100, 130 and 180 Myr old by using the half-space 

cooling model.  Distribution of radiogenic heat production is different with respect to lithology and depth; 

continental lithosphere usually has higher heat production (granite, ~ 10-9 J/kg·s) and oceanic lithosphere 

has relatively lower heat production (basalt, ~ 10-11 J/kg·s) [Schubert et al., 2001].   For simplicity, a 

uniform radiogenic heat production of 3×10-10 J/kg·s is implemented for the upper 20 km depth in the slab 

and lid.  Except for the upper lithosphere, no radiogenic heat production is assumed in the whole domain.  

3, 5 and 10 cm/year are used for the velocities of the subducting slab. 

 Although the surface of the subducting slab is expressed with an ellipsoidal curve, the curve is 

approximated as a step-like surface by selecting the closest nodal points but below the ellipsoidal curve 

due to the use of the quadrilateral elements in this study.  As a result, the surface consists of laterally 

extended flat surfaces along the nodal points at certain depths rather than a smooth curve; from the trench 

to 48 km distance (2 km depth), 50 to 68 km (4 km depth), 70 to 82 km (6 km depth) and so on.  Surface 

heat flow is calculated at an element level by considering the convection and conduction in the top 

elements between the nodal points prescribed at the 0 km (top of the box) and 2 km depth.  Therefore, the 

surface heat flow from the trench to 48 km distance is reduced by the top of the subducting slab (2 km 

depth) which removes the heat of the top elements.  Except for this region, surface heat flow is calculated 

by considering only conduction in the top elements.  This is expressed by the decreases in the surface heat 
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flow from the trench to 48 km distance; the heat flow jump occurs along the region from 50 to 70 km 

distance from the trench (Figure 1a and 1b).  As the slab surface becomes deeper, the effect of calculation 

errors on the surface heat flow becomes smaller.  In addition, the surface of the slab below 50 km depth 

cuts the four-node elements diagonally.  Because viscous dissipation is calculated at an element level 

using finite element integration, there is a numerical issue in the calculation of viscous dissipation for the 

elements consisting of half rigid (slab) and half fluid (wedge) bodies.  Therefore, we neglect the elements 

that are cut diagonally by the surface of the slab in the calculation of viscous dissipation and the effect of 

half rigid and fluid elements is discussed later.  This difficulty in the calculation of viscous dissipation 

can be minimized or overcome through the introduction of non-uniform or uniform unstructured or, 

adaptive meshes [e.g., Davies et al., in press; Kneller et al., 2005; Wada et al., 2008].   

For the temperature boundary conditions, many experiments have used a constant temperature 

below a specific depth for the subducting slab and inflow/outflow boundary in the mantle wedge [e.g., 

Currie et al., 2004; Kneller et al., 2005; van Keken et al., 2002].  However, mantle temperature increases 

with depth due to compression, so we simply extend the half-space cooling model down to 400 km depth 

along the left and right sides of the box by satisfying the fixed bottom temperature of 1550 ˚C [Ita and 

Stixrude, 1992].  Therefore, the temperature profile along the subducting side (left side of the box in 

Figure 1) is prescribed by using the half-space cooling model corresponding to 100, 130 and 180 Myr old 

lithosphere.  The temperature profile along the inflow/outflow boundary of the mantle wedge is 

prescribed by using the half-space cooling model corresponding to 130 Myr old lithosphere.   The 

temperature of the top surface of the box is fixed as 0 ˚C (273 K).   

A no-slip boundary condition is implemented at the bottom of the overlying rigid lid.  A stress-

free boundary condition is implemented along the inflow/outflow boundary of the mantle wedge.  The 

mantle below the subducting slab is assumed to be fully coupled to the slab; mantle velocity below the 

slab is the same as that of the slab.  This assumption is arbitrary but, the subducting slab transfers heat 

slowly through conduction so this assumption does not affect the thermal and flow structures of the 

mantle wedge significantly [Kneller et al., 2005].  To represent shear localization between the subducting 
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slab and mantle wedge, a partially coupled zone is prescribed along the slab surface from the tip of the 

mantle wedge (50 km depth) to 100 km depth.  Various decoupling conditions have been used in previous 

studies [e.g., Abers et al., 2006; Conder, 2005; Kneller et al., 2005; 2007; Wada et al., 2008] and we 

prescribe a linear velocity ramp from 10 % at the tip to the full velocity (100 %) at 100 km depth on the 

slab surface (Figure 1).  Frictional shear heating along the surface of the subducting slab (seismogenic 

zone) may play an important role in increasing the slab and wedge temperature and arbitrarily considered 

in previous subduction models [e.g., Peacock, 1996] but, the shear heating along the seismogenic zone is 

neglected here.  Shear heating on the surface of the subducting slab is considered through viscous 

dissipation instead of using arbitrarily implemented shear heating.  

 

2.2.3 Mantle rheology 

Because of diverse mantle mineralogy and the effects of hydration/dehydration and partial 

melting on mantle viscosity, the viscosity of the mantle wedge is poorly constrained.  However, geoid 

anomalies, electrical conductivity, seismic tomography and laboratory experiments suggest that the 

viscosity of the mantle wedge is significantly lower than that of primitive (dry) upper mantle because of 

hydration and/or partial melting caused by free water dehydrated from the subducting slab, especially, 

oceanic crust and overlying sediments [Billen and Gurnis, 2001, and references therein].  Also, 

geophysical and geological evidence suggests the presence of serpentinite in the corner of the mantle 

wedge and olivine as the major upper mantle mineral to the 410 km transition zone [Brocher et al., 2003; 

Hyndman and Peacock, 2003; Reynard et al., 2007; Schmidt and Poli, 1998; Ulmer and Trommsdorff, 

1995].  Based on these findings, we assume that serpentinite exists to 70 km depth and wet olivine exists 

to 150 km depth in the mantle wedge, which is called the low viscosity zone hereafter.  Compared with 

the sharp viscosity transition between serpentinite and wet olivine zones, we use a linear viscosity 

transition zone to represent the gradual termination of dehydration of the subducting slab.  The transition 

zone is prescribed as a region extending from the bottom of the overlying lid to the top of the slab where 
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the bottom of the region extends to the slab surface from 150 km (left-bottom corner) to 200 km depth 

(right-bottom corner) (Figure 1).  

 In many numerical experiments, constant viscosity or diffusion creep of dry/wet olivine has been 

used for the mantle rheology [e.g., Davies and Stevenson, 1992; Honda and Saito, 2003; Iwamori, 1998; 

Kincaid and Sacks, 1997; McKenzie, 1969; Peacock, 1996].  However, laboratory as well as numerical 

experiments and seismic anisotropy show that diverse flow mechanisms such as dislocation and Peierls 

creep could be dominating flow mechanisms with respect to pressure, temperature and strain rate 

conditions in the upper mantle [Hirth and Kohlstedt, 1995; Kameyama et al., 1999; Kneller et al., 2005; 

Long and Silver, 2008; van Hunen et al., 2005].  Therefore, we consider two different mantle rheologies; 

constant viscosity and composite viscosity of diffusion and dislocation creep as an effective viscosity in 

the upper mantle.  The composite viscosity is expressed by a harmonic average of the viscosities 

calculated from diffusion and dislocation creep, respectively [e.g., Kneller et al., 2005; 2007]; 

(14) diffusion creep (dry olivine) 
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where 
•

sε  is the square root of the second invariant of strain rate tensor and the parameters related to 

diffusion and dislocation creep are described in Table 1 and 2.  For composite viscosity, effective 

viscosity is controlled by the lower viscosity between diffusion and dislocation creep. 
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 For the viscosity of wet olivine, a viscosity reduction number of 0.05 is multiplied to the viscosity 

of dry olivine as a first-order approximation because viscosity of wet olivine is approximately 5 % of that 

of dry olivine under temperature, pressure and strain rate of the upper mantle [Honda and Saito, 2003].  

The viscosity of serpentinite is poorly constrained due to rare data from laboratory experiments [Hilairet 

et al., 2007].  However, aseismicity of the serpentinite zone even at very low temperature conditions (< ~ 

700 ˚C) suggests very low viscosity [Brocher et al., 2003].  Therefore, we multiply a viscosity reduction 

number of 0.0005 to the viscosity of dry olivine to represent the very low viscosity of serpentinite.  For 

the constant viscosity experiments, we use fixed viscosities of 3.0×1020, 1.5×1019 and 1.5×1017 Pa·s for 

dry, wet and serpentinite zones, respectively, by using the viscosity reduction numbers above.  

 

2.3 Results 

 

2.3.1 Effects of the mantle rheology 

 As described above, we consider variations of dip, age and velocity of the subducting slab.  For 

simplicity, we describe here the BA and ALA experiments using the dip of 45 degrees, 130 Myr old 

lithosphere and velocity of 5 cm/year with constant and composite viscosity.  The results of other 

experiments where we vary dip, age and velocity of the subducting slab are summarized later.  Figure 2 

shows surface heat flow, temperature and flow in the mantle wedge of the BA and ALA experiments 

using constant and composite viscosity.  In general, weak flow and low temperature field develop in the 

corner of the mantle wedge in the BA and ALA experiments using constant viscosity, consistent with 

previous BA studies [Currie et al., 2004; van Keken et al., 2002].  In the BA and ALA experiments using 

constant viscosity, an isolated roll-like convection develops in the corner, similar to other studies using a 

low viscosity zone in the corner [Honda and Saito, 2003].  As a result, hot mantle in the deeper mantle 

wedge does not reach the corner and, the surface heat flow in the forearc is much lower than observations.  

The temperature (< ~ 700 ˚C) in the corner is in the serpentinite stability field [Ulmer and Trommsdorff, 

1995].   
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In contrast to the experiments using constant viscosity, the BA and ALA experiments using 

composite viscosity produce strong corner flow that induces hot mantle to the corner.  In this case, the 

low viscosity zone does not isolate the corner from the hot mantle in the deeper wedge.  The corner 

temperatures are much higher (> 1000 ˚C) than those in the experiments using constant viscosity, 

consistent with previous studies [Currie et al., 2004; van Keken et al., 2002].  Due to higher corner 

temperatures, the surface heat flow is higher but, still low compared with the observed surface heat flow 

data.  Because our models do not consider magma generation in the mantle wedge and overlying 

lithosphere, and lithosphere thinning [Arcay et al., 2005; Currie et al., 2008], the surface heat flow might 

be underestimated in our models.  Higher corner temperatures restrict the serpentinite stability field to a 

small corner of the mantle wedge and the peak of surface heat flow advances toward the trench compared 

with the surface heat flow data.  As observed in previous studies, a very thick stagnant lid (thermal 

lithosphere) develops in the overlying plate above the mantle wedge in both BA and ALA experiments 

using composite viscosity and this leads to much lower surface heat flow in the backarc [Currie et al., 

2004; van Keken et al., 2002; 2008]. 

 

2.3.2 Effects of the mantle compressibility 

 The small differences in the surface heat flow between the BA and ALA experiments imply 

negligible differences in the shallow thermal structure of the mantle wedge because the bottom 

temperature of the overlying lithosphere (conductive lid) controls the surface heat flow (Figure 2a and 2b).  

As illustrated in Figure 2, the thermal and flow structures between the BA and ALA experiments are 

similar each other; temperature differences are < 100 ˚C (mostly observed at the base of the mantle wedge 

and subducting slab) and differences in kinematic energy of the mantle wedge are < 1 % between the BA 

and ALA results.  There is a more significant difference between the constant and composite viscosity 

results than between the BA and ALA results; however, differences are observed in temperature of the 

base of the mantle wedge and subducting slab between the BA and ALA experiments.  Figure 3 shows 

pressure (depth) versus temperature paths for the top of the subducting slab corresponding to the BA and 
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ALA experiments shown in Figure 2 using constant and composite viscosity.  In general, the ALA 

experiments produce higher temperatures than the BA experiments; ~ 17.67 ˚C (constant viscosity) and ~ 

26.35 ˚C (composite viscosity) at 150 km depth.  The differences in temperature increase with depth; ~ 

66.19 ˚C (constant viscosity) and ~ 69.74 ˚C (composite viscosity) at 400 km depth, as expected due to 

the greater influence of compressibility.  Because the slab is heated by conduction across the slab surface, 

higher temperature of the slab implies a stronger thermal gradient and hotter mantle temperatures above 

the slab surface.  The mechanism generating a stronger thermal gradient for constant and composite 

viscosity in the ALA experiments differs.  Figure 4 shows that the viscosity structures of the mantle 

wedge in the BA and ALA experiments using composite viscosity are similar, except that a stronger 

thermal gradient – thinner thermal boundary layer – develops above the slab surface in the ALA 

experiments.  The heat generated by viscous dissipation in the low viscosity zone is relatively small (< 10-

10 J/kg·s except for very top of the slab, Figure 5b) so increases in temperature are < 30 ˚C.  However, the 

composite viscosity is sensitive to temperature variation and is reduced by a factor of ~ 10 above the slab 

surface in the low viscosity zone (Figure 4c).  As a result of the reduced viscosity, hot mantle from deeper 

in the mantle wedge reaches closer to the slab surface; hot and low viscosity mantle can be induced along 

the slab surface and thins the thermal boundary layer above the slab surface.  Therefore, a thinner and less 

viscous thermal boundary layer develops above the slab surface in the ALA experiments.  The 

temperature jump around 70 km depth in the ALA experiments using composite viscosity is consistent 

with the region of relatively stronger viscous dissipation above the slab surface showing that the corner 

flow reaches closer to the slab surface as a result of the viscosity reduction (Figure 3 and 5b).   

The strong thermal gradient associated with the viscosity reduction in the ALA experiments 

using constant viscosity differs from that in the ALA experiments using composite viscosity.  In the 

constant viscosity case, the strong gradient is related to the additional heat conduction driven by increase 

in temperature of the mantle wedge due to the heat generated by viscous dissipation.  Because viscosity in 

the ALA experiments using constant viscosity is independent of temperature and flow, the thermal 

gradient that is developed by viscosity reduction is not observed.  Therefore, the thermal gradient above 
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the subducting slab is affected by the additional heat generated by viscous dissipation through out the 

mantle wedge.  The heat generated by viscous dissipation above the subducting slab in the ALA 

experiments using constant viscosity is comparable to those using composite viscosity except for the zone 

near the partially coupled zone (Figure 5a vs. 5b).  However, the slab temperature in the ALA 

experiments using constant viscosity increases slower than those using composite viscosity.  This implies 

that increase in temperature of the slab surface is caused by additional conduction, not the viscosity 

reduction of the thermal boundary layer observed in the ALA experiments using composite viscosity.  In 

addition, the gradually increasing differences in temperature between the BA and ALA experiments using 

constant viscosity imply the continuous conduction of the heat generated by viscous dissipation along the 

slab (Figure 3 and 5a). 

 

2.3.3 Evaluation of relative importance of diffusion and dislocation creep as the mantle flow 

mechanism in the mantle wedge 

In this section, we evaluate the dominant mantle flow mechanism in the mantle wedge by 

comparing the end-member viscosities; diffusion and dislocation creep.  Figure 6 shows pressure versus 

temperature paths for the top of the subducting slab corresponding to the BA and ALA experiments using 

constant viscosity, diffusion creep, dislocation creep and composite viscosity.  The viscosities for 

diffusion and dislocation creep are calculated by using the same parameters in Table 1 and are non-

dimensionalized with ~ 4.073×1021 Pa·s for the ALA experiments using composite viscosity.  We find an 

excellent agreement between pressure versus temperature paths in the experiments using dislocation creep 

and composite viscosity, indicating that the composite rheology is controlled by dislocation creep.  Figure 

7 shows the log-scaled viscosity ratio of diffusion to dislocation creep in the mantle wedge for the BA and 

ALA experiments using composite viscosity.  If the ratio is greater than 0, the viscosity from dislocation 

creep is lower than that from diffusion creep, which means dislocation creep becomes the predominant 

deformation mechanism.  Except the middle of the stagnant lid and base of the mantle wedge deeper than 

~150 km in the BA experiments, dislocation creep is the predominant rheology in the mantle wedge.  In 
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both the BA and ALA experiments, the partially coupled zone develops a strong shear localized zone 

where dislocation creep is predominant.   

In general, differences in the slab temperatures between the BA and ALA experiments are 

relatively small.  However, we found significant differences in the slab temperatures between the BA and 

ALA experiments using diffusion creep (Figure 6).  The pressure versus temperature paths of the BA 

experiments using diffusion creep have lower temperatures (~ 31 % lower at 54 km depth) than those 

using composite viscosity to approximately 70 km depth due to higher viscosity of the base of the 

serpentinite zone.  However, because hot, low viscosity material from deeper in the mantle wedge creates 

a stronger thermal gradient below 70 km, the temperature increases faster and becomes similar to that of 

the BA experiments using dislocation creep and composite viscosity.  In the ALA experiments using 

diffusion creep, we find considerable thinning of the thermal boundary layer above the slab surface; the 

heat generated by viscous dissipation reduces the viscosity of the thermal boundary layer by a factor of ~ 

100 (~ 10 in the ALA experiments using composite viscosity).  Therefore, hot and low viscosity mantle 

reaches very close to the slab surface and increases slab temperature up to 1046 ˚C causing considerable 

partial melting of the oceanic crust.  This significant viscosity reduction is concentrated along the partially 

coupled zone and becomes weaker below the end of the partially coupled zone (100 km depth).  

 

2.3.4 Effect of decoupling between the mantle wedge and subducting slab 

 Seismology, field observations and surface heat flow data in the forearc imply relatively low 

temperatures in the mantle wedge below the forearc [Furukawa and Uyeda, 1989; Guillot et al., 2000; 

Hacker et al., 2003a; 2003b; Rondenay et al., 2008].  To attain the low temperatures below the forearc, 

decoupling between the mantle wedge and subducting slab has been applied along the top of the 

subducting slab because the decoupling weakens the flow in the mantle wedge below the forearc [e.g., 

Abers et al., 2006; Kneller et al., 2007; Wada et al., 2008].  Hydrous minerals and pore pressure could 

justify the implementation of decoupling on the top of the subducting slab [Bebout and Barton, 1989; 

Hyndman and Peacock, 2003; Morrow et al., 2000; Peacock and Hyndman, 1999].  A variety of 
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decoupling conditions have been used in numerical experiments and here we use a linear velocity ramp 

for the decoupling condition (Figure 1).  In the BA and ALA experiments using composite viscosity, we 

observe very strong shear localization along the partially coupled zone (Figure 7).  This suggests 

decoupling condition could be an important factor for the characteristics of shear localization.  Therefore, 

we evaluate the effect of decoupling by comparing the results without decoupling (fully coupling, no 

reduction of velocity along the slab surface) to the results from our experiments that include decoupling.  

In numerical models which assume an overlying rigid lid and subducting slab, the singularity at the tip of 

the mantle wedge requires a special treatment.  The singularity treatments have been discussed in 

previous studies [van Keken et al., 2002; 2008] and a short ramp of the increasing velocity boundary 

condition is appropriate to suppress the singularity.  However, the singularity treatment is neglected in 

this study and the effect of the singularity will be discussed later. 

 Figure 8 shows pressure versus temperature paths for the top of the subducting slab 

corresponding to the BA and ALA experiments by varying decoupling condition and the mantle rheology.  

In general, the pressure versus temperature paths show that the ALA experiments produce slightly higher 

slab temperature than the BA experiments except for those using diffusion creep.  For example, 

temperature differences at 150 km depth between the BA and ALA experiments using a fully coupled 

zone are 18.3 ˚C (constant viscosity), 20.6 ˚C (dislocation creep) and 20.4 ˚C (composite viscosity).  As 

described above, the higher slab temperature in the ALA experiments is attributed to viscous dissipation: 

additional heat conduction for constant viscosity and viscosity reduction of the thermal boundary layer for 

diffusion creep, dislocation creep and composite viscosity.  The BA and ALA experiments using constant 

viscosity with a partially coupled zone produce hotter subducting slabs than those with a fully coupled 

zone.  The differences between the two experiments become larger through the range of the partially 

coupled zone, indicating that the changes in flow style due to changes in decoupling condition affect the 

heating style of the subducting slab.  

In the BA and ALA experiments using dislocation creep and composite viscosity, a fully coupled 

zone produces smoother pressure versus temperature paths compared with those using a partially coupled 
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zone.  Compared with the experiments using a partially coupled zone, much weaker shear localization is 

observed along the fully coupled zone.  Despite having no singularity treatment at the tip of the mantle 

wedge, a temperature peak at the tip is not observed in the ALA experiment, implying that viscosity 

reduction by dislocation creep due to high strain rate near the tip weakens viscous dissipation.  In the BA 

and ALA experiments using a partially coupled zone, the small convection cell in the serpentinite zone is 

more isolated so that heat transfer between the serpentinite and wet olivine zones is suppressed.  

Therefore, heating of the subducting slab is weaker than that using a fully coupled zone.  However, 

weaker heat transfer between the serpentinite and wet olivine zones prevents heat loss through the 

serpentinite zone; higher temperature and lower viscous mantle in the wet olivine zone makes the thermal 

boundary layer thinner.  In addition, strong shear localization along the partially coupled zone reduces 

viscosity of the thermal boundary layer.  Therefore, increases in temperature of the subducting slab are 

faster from the base of the wet olivine zone.   

 The BA experiments using diffusion creep produce pressure versus temperature paths similar to 

those using dislocation creep and composite viscosity.  However, noticeably, the ALA experiments using 

diffusion creep have very high temperatures up to 1046.0 ˚C (partially coupled zone) and 841.1 ˚C (fully 

coupled zone).  In the case using a fully coupled zone, the local temperature peak is observed at the tip of 

the mantle wedge, unlike the experiments using composite viscosity or dislocation creep.  Even a partially 

coupled zone can not alleviate the temperature peak at the tip and the peak is related to the flow structure 

in the corner of the mantle wedge.  In all the experiments using temperature and pressure dependent 

viscosity with a partially coupled zone, the flow above the subducting slab is faster than the prescribed 

velocity along the partially coupled zone because of the strong corner flow driven by the entire 

subducting slab.  This creates a strong shear localization zone on the top of the subducting slab and 

reduces viscosity of the thermal boundary layer through dislocation creep (higher strain rate, lower 

viscosity, see eq. 12) in the experiments using composite viscosity or dislocation creep.  Therefore, the 

heat generated by viscous dissipation is not large and does not thin the thermal boundary layer 

considerably.  However, viscosity from diffusion creep is independent of strain rate (see eq. 11) and more 
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heat along the shear localization zone is generated than in the dislocation creep calculation.  This heat 

thins the thermal boundary layer significantly and increases the slab temperature. 

 

2.3.5 Summary of the other experiments varying dip, age and velocity of the subducting slab 

In general, the temperature and flow in the BA and ALA experiments are more strongly affected 

by the variation of rheology (constant viscosity versus composite viscosity) than the variations of dip, age 

and velocity of the subducting slab, and compressibility.  In the BA and ALA experiments using constant 

viscosity and the dips of 30 and 45 degrees, an isolated roll-like convection develops in the low viscosity 

zone and produces low surface heat flow in the forearc (Figure 9a, 2c and 2e).  However, isolated roll-like 

convection is not observed in the experiments using the dip of 60 degrees (Figure 9b).  In the BA and 

ALA experiments using composite viscosity, a strong corner flow increases the surface heat flow in the 

forearc and a very thick stagnant lid below the backarc develops in contrast to the experiments using 

constant viscosity (Figure 9c and 9d), consistent with the observations above.   

 Figure 10 shows mean temperatures of the top of the subducting slabs corresponding to the BA 

and ALA experiments varying dip, age and velocity of the subducting slab.  As described above, different 

mantle rheologies result in significant differences in slab temperature.  In general, the variation of age of 

the subducting slab systematically shifts temperature of the top of the subducting slab in the BA and ALA 

experiments.  Increasing velocity of the subducting slab decreases the temperature of the top of the 

subducting slab because the slab has less time to be heated compared with that using lower velocity of the 

subducting slab.  There is not a simple linear relation between dip and temperature of the subducting slab.  

Compressibility increases the temperature of the top of the subducting slab through the heat generated by 

viscous dissipation.  In the ALA experiments using composite viscosity, the net increase in temperature of 

the top of the subducting slab due to the heat generated by viscous dissipation slightly decreases with 

velocity of the subducting slab.  However, the net increase in temperature of the top of the subducting 

slab increases with increasing velocity of the subducting slab in the ALA experiments using constant 

viscosity.  This suggests that the heat generated by viscous dissipation in the ALA experiments using 
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composite viscosity does not increase considerably with increasing velocity of the subducting slab 

because viscosity reduction due to heat and higher strain rate weakens viscous dissipation.  In contrast to 

the ALA experiments using composite viscosity, viscosity in the ALA experiments using constant 

viscosity is independent of pressure, temperature and strain rate so the heat generated by viscous 

dissipation increases temperature of the top of the subducting slab with increasing velocity of the 

subducting slab. 

 

2.4 Discussion 

 

In the mantle wedge, mantle compressibility is mostly expressed by viscous dissipation and 

produces only small differences in the thermal and flow structures of the subduction zones (Figure 2 and 

3).  However, noticeably, the ALA experiments using diffusion creep produce a significantly thinned 

thermal boundary layer on the top of the subducting slab because higher strain rate on the top can not 

weaken viscous dissipation and large heat is generated.  Except in this case, the effect of mantle 

compressibility on the subduction zone can be considered as minor, which may justify the broad use of 

incompressible models in subduction zone studies.  Differences in rheology (constant viscosity vs. 

temperature and pressure dependent viscosity) in the mantle wedge produce major effects on the thermal 

and flow structures of the subduction zones.   Also, variations of dip, age and velocity of the subducting 

slab are considered but, the effects of the variations on the thermal and flow structures of the subduction 

zones are relatively minor compared with the effects of differences in rheology on the structures (Figure 

9).  In general, similar thermal and flow structures develop in the experiments using diffusion, dislocation 

and composite viscosity. 

From the end-member experiments using diffusion and dislocation creep, dislocation creep is the 

dominant flow mechanism in the mantle wedge (Figure 7).  The observations of distinctive seismic 

anisotropy in the mantle wedge of the subduction zones such as Tonga [e.g., Conder and Wiens, 2006; 

Long and van der Hilst, 2005; Long and Silver, 2008] and laboratory experiments on the olivine 
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anisotropy [e.g., Hirth and Kohlstedt, 1995; Jung and Karato, 2001; Karato and Wu, 1993] are consistent 

with this observation.  However, this may not negate the existence of diffusion creep in the mantle wedge.  

We assume the grain size for diffusion creep as a constant (0.1 mm) but, this is a somewhat arbitrary 

value which could be varied in the upper mantle [Ranalli, 1991; 1995; van der Berg et al., 1993].  In 

addition, dynamic recrystallization during dislocation creep could reduce the grain size significantly; a 

jump of the predominant mechanism from dislocation to diffusion creep could be possible in the mantle 

wedge [Poirier, 1985; Ranalli, 1995; Solomatov, 2001; Twiss, 1977].  Therefore, grain size evolution is 

an important factor in determining which creep mechanism dominates in the mantle wedge and 

consideration of the evolution can be a potential improvement in subduction zone models.  

 Two decoupling conditions, partially and fully coupled zones are used in this study.  A fully 

coupled zone produces little deformation (good coupling) between the subducting slab and mantle wedge; 

strong shear localization is not observed.  However, a partially coupled zone generates strong shear 

localization along the zone in the BA and ALA experiments using pressure and temperature dependent 

viscosity because the prescribed velocity along the partially coupled zone is slower than the flow in the 

mantle wedge above.  To simulate the shear zone on the top of the subducting slab, the prescribed 

velocity on the top of the subducting slab should match the mantle flow on the top.  Therefore, the 

prescribed partially coupled zone (a linear velocity ramp) may not be a relevant decoupling condition to 

simulate the shear localization on the top of the subducting slab.  The heat generation along the partially 

coupled zone in the ALA experiments using diffusion creep suggests that it is crucial that careful 

implementation of a partially coupled zone for the shear localization.  Ultimately, to overcome this 

problem, a dynamically evolving partially coupled zone on the top of the subducting slab might be 

needed; velocity for a partially coupled zone evolves with the mantle flow above the zone.  

In this study, the wet olivine and serpentinite zones are arbitrarily assumed.  The extension of wet 

olivine zone may depend on the depth where dehydration of the subducting slab terminates; the wet 

olivine zone could be laterally extended or shrunk.  We evaluate the effects of the extension of wet 

olivine zones on the thermal and flow structures of the subduction zones by varying the dehydration 



42 
 

termination depth: shallow (100 km depth), intermediate (150 km depth), and deep (200 km depth) with 

the 50 km thickness viscosity transition zone.  Because serpentinite can exist under 700 ˚C, the extension 

of serpentinite zone would be controlled by temperature conditions of the mantle corner.  The viscosity 

reduction numbers to express lower viscosity for serpentinite and wet olivine are also somewhat 

arbitrarily assumed so the numbers could be smaller or larger.  Therefore, we evaluate the effects of the 

numbers on the thermal and flow structures: serpentinite zone (0.0001, 0.0005, 0.001, 0.01 and 0.05 – no 

serpentinite zone – with the fixed viscosity reduction number of 0.05 for wet olivine zone) and wet 

olivine zone (0.001, 0.01, 0.05, 0.1 and 1 – dry olivine – with the fixed viscosity reduction number of 

0.0005 for serpentinite zone).  For simplicity, we use the BA and ALA experiments using the dip of 45 

degrees, 130 Myr old and velocity of 5 cm/year of the subducting slab with constant and composite 

viscosity.   

First, we evaluate the effect of serpentinite zone on the thermal and flow structures of the 

subduction zone by varying viscosity reduction number.  Figure 11 shows pressure versus temperature 

paths for the BA and ALA experiments using constant and composite viscosity.  In the BA experiments, 

the effect of variation in viscosity reduction number is relatively small and the variation affects the flow 

in the serpentinite zone (Figure 10a).  Smaller numbers isolate the serpentinite zone from the mantle 

corner.  No serpentinite zone (number = 0.05) generates a corner flow reaching the tip of the mantle 

wedge and produces smooth pressure versus temperature paths.  However, mantle compressibility creates 

noticeable differences in the thermal and flow structures, especially, near the top of the subducting slab 

which controls the slab temperature.  The ALA experiments using constant viscosity produce small 

temperature perturbations but larger than that of the BA experiments.  The effect of varying viscosity 

reduction number on the thermal boundary layer and slab temperature becomes distinctive in the ALA 

experiments using composite viscosity.  Larger viscosity reduction numbers allow the hot mantle to reach 

the tip of the mantle wedge and generate more heat through viscous dissipation.  Therefore, the thermal 

boundary layer along the top of the subducting slab becomes thinner and increases the slab temperature 

faster (Figure 11b). 
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   Secondly, the effect of wet olivine zone on the thermal and flow structures of the subduction 

zones is evaluated with varying viscosity reduction number (Figure 12).  In all the experiments, smaller 

numbers isolate the corner of the mantle wedge with an isolated convection cell, especially, in the 

experiments using constant viscosity.  Even though the isolated corner of the mantle wedge, differences in 

temperature of the subducting slab are relatively small in the experiments using composite viscosity 

compared with those using constant viscosity (Figure 12a vs. 12c and 12b vs. 12d) because the degree of 

isolation of mantle corner is much weaker in the experiments using composite viscosity.  Mantle 

compressibility creates noticeable differences in the thermal and flow structures of the subduction zones.  

In the ALA experiments using constant viscosity, additional heat from viscous dissipation increases 

temperatures of the slab and mantle wedge significantly.  The ALA experiments using constant viscosity 

and no wet olivine zone increases the slab temperature more than that using composite viscosity and no 

wet olivine zone (Figure 11c vs. 11d).  Compared with temperature increases in the ALA experiments 

using constant viscosity, temperature increases in the slab and mantle wedge are relatively small even in 

the experiments using no wet olivine zone.  This implies that the heat from viscous dissipation is not 

considerable in the ALA experiments using composite viscosity compared with that using constant 

viscosity.  As discussed above, higher viscosity generates larger heat energy through viscous dissipation 

but, increase in temperature decreases viscosity and weakens viscous dissipation as a counter effect.  

Therefore, the thermal and flow structures in the ALA experiments using composite viscosity are 

relatively insensitive to viscous dissipation. 

The thermal and flow structures of the subduction zones are controlled by the extent of wet 

olivine zone.  A larger wet olivine zone isolates the corner through an isolated convection cell at the 

corner in the BA and ALA experiments using constant viscosity.  A weak isolation is observed at the 

corner in the BA and ALA experiments using composite viscosity.  The effect of extent of wet olivine 

zone on the slab temperature is relatively small in the BA experiments using constant viscosity even 

though distinctive differences in the mantle flow and thermal structures (Figure 13a).  In the ALA 

experiments using constant viscosity, smaller wet olivine zone creates much hotter slab temperature due 
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to stronger viscous dissipation in the dry olivine zone which starts 100 km depth (Figure 13b).  

Surprisingly, the slab temperature only shows very slight differences regardless the extent of wet olivine 

zone in the BA and ALA experiments.  This implies that the thermal boundary layer on the top of the 

subducting slab is not significantly affected by the changes of corner flow in the mantle wedge.  

In all the ALA experiments, we neglect the half rigid (slab) and half fluid (wedge) elements 

diagonally cut by the top of the subducting slab in the calculation of viscous dissipation.  However, 

viscous dissipation on the top of the slab is thought to be extensive so this limitation needs to be 

overcome in the future studies.  Here, we evaluate the effect of half rigid and fluid elements on the 

thermal and flow structures of the subduction zones by assuming the elements as whole fluid.  No 

significant differences in the thermal and flow structures of the mantle wedge are observed in the 

experiments including the half rigid and fluid elements.  However, we find noticeable differences in the 

slab temperatures from the experiments; 6.73 % and 7.03 % temperature increases for composite and 

diffusion viscosity, respectively (Figure 14).  Although the heat from the half rigid and fluid elements 

increases the slab temperature, it is relatively minor and general patterns of slab heating are not changed.  

In addition, the increase in slab temperature would be smaller because heat will not be generated in the 

half solid elements.  Therefore, neglecting the half rigid and fluid elements in the calculation of viscous 

dissipation could be justified in this study.  

In the BA and ALA experiments using pressure and temperature dependent viscosity, we find a 

temperature jump at the top of the subducting slab ~ 70 km depth (Figure 6 and 8).  The jump becomes 

distinctive in the ALA experiments with a partially coupled zone and larger viscosity contrast between 

serpentinite and wet olivine zones (Figure 8, 11 and 12).  The large viscosity contrast develops a strong 

isolated convection cell in the corner of the mantle wedge and creates a temperature jump ~ 150 km depth 

even in the BA and ALA experiments using constant viscosity (Figure 12a and b).  However, compared 

with the abrupt temperature jump ~ 70 km depth in the BA and ALA experiments using pressure and 

temperature dependent viscosity, the temperature jump ~ 150 km depth is smoothly changed through the 

viscosity transition zone.  This implies that the abrupt large viscosity contrast due to the sharp transition 
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from serpentinite to wet olivine zones plays an important role in the thermal and flow structures in the 

corner, especially where a partially coupled zone isolates the serpentinite zone more than the case using a 

fully coupled zone.  Higher strain rate at the boundary between the serpentinite and wet olivine zones 

creates significant heat through the viscous dissipation along the boundary in the ALA experiments using 

pressure and temperature dependent viscosity.  However, the temperature jump in the ALA experiments 

using composite viscosity and dislocation creep is smoother and smaller compared with that using 

diffusion creep.  This can be explained by viscosity reduction due to higher strain rate in the ALA 

experiments containing dislocation creep.  As discussed above, diffusion viscosity can not be reduced by 

higher strain rate along the boundary between serpentinite and wet olivine zones.  Therefore, the 

boundary creates extensive heat and thins the thermal boundary layer on the top of the subducting slab 

significantly: the abrupt temperature jump in the ALA experiments using diffusion creep (Figure 6).  As 

well as implementation of decoupling condition, consideration of dynamically evolving serpentinite and 

wet olivine zones with a viscosity transition zone could be a possible improvement to alleviate the 

temperature jump. 

 

2.5 Conclusion 

  

 We conduct numerical subduction experiments using incompressible (BA) and compressible 

(ALA) fluid models to evaluate the effect of compressibility on the thermal and flow structures of the 

subduction zones.  Variations of dip, age and velocity of the subducting slab are considered with constant 

viscosity and pressure and temperature dependent viscosity.  In general, there are only small differences 

between the results from the BA and ALA experiments.  Unlike compressibility, rheology is a more 

important factor affecting the thermal and flow structures of the subduction zones; we observe lower 

surface heat flow in the arc in the BA and ALA experiments using constant viscosity and higher surface 

heat flow, faster slab heating and a very thick thermal lithosphere below the backarc in the BA and ALA 

experiments using pressure and temperature dependent viscosity.  We find that compressibility affects the 
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slab temperature through a feed back with the heat generated by viscous dissipation.  In the ALA 

experiments using constant viscosity, the heat generated by viscous dissipation increases the slab 

temperature faster through additional conduction across the slab surface.  In the ALA experiments using 

pressure and temperature dependent viscosity, the heat energy generated by viscous dissipation is 

comparable with that using constant viscosity but, the heat thins the thermal boundary layer above the 

slab which is sensitive to temperature.  Therefore, hot mantle deeper in the mantle wedge can reach closer 

to the slab surface and increases the slab temperature faster than the BA experiments using composite 

viscosity.  In general, older age, steeper dip and slower velocity of the subducting slab reduce temperature 

of the mantle wedge, consistent with previous studies. 
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Table 2.1 Model parameters 

width (km) for dip: 30 degrees 

                                45 degrees 

                                60 degrees 

600 3      

600        

600 / 3  

depth (km) 400 

surface density (kg/m3) 3300 

gravitational acceleration (m/s2) 9.81 

surface temperature (K) 273 

temperature contrast (K) 1550 

heat capacity (J/kg·K)* 1200 

thermal conductivity (W/m·K)* 3.96 

thermal expansivity (/K)* 2.0×10-5 

*: These values are varying with respect to temperature, pressure and mineralogy (e.g., Gibert et al., 

2003; Hofmeister, 1999).  We select ‘representative’ values for the upper mantle condition. 
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Table 2.2 Rheological parameters (from Karato and Wu, 1993) 

Ediff (J/mol) 300×103 

Edisloc (J/mol) 540×103 

Vdiff (m3/mol) 6.0×10-6 

Vdisloc (m3/mol) 1.5×10-5 

Adiff (m2.5/Pa·s) 6.1×10-19 

Adisloc (s1.5/Pa3.5) 2.4×10-16 

dg (m) 1.0×10-3 

m (·) 2.5 

n (·)  3.5 

R (J/mol) 8.314 

E: activation energy, V: activation volume, A: prefactor, dg: grain size, m: grain size exponent, n: stress 

exponent, and R: gas constant  
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Figure 2.1 

 
Schematic diagram of the subduction zone model using the dip of 45 degrees for the straight slab and the 

subducting slab velocity of 5 cm/year.  The subducting slab and upper mantle below the slab are 

subducted together.  For details about initial and boundary conditions, rheology and a decoupling 

condition, see text. 
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Figure 2.2 

 
 

Surface heat flow, temperature and flow in the mantle wedge resulting from the BA and ALA 

experiments using constant and composite viscosity.  In the surface heat flow (a and b), a small ramp of 

heat flow from 50 km to 70 km distance from the trench is caused by the irregularly prescribed step-like 

slab surface for the kinematically driven subducting slab (see text).  The observed surface heat flow data 

are (filled black square) from Furukawa and Uyeda [1989] for the Japanese subduction zone.  (c) and (e), 

and (d) and (f) show the temperature and flow in the mantle wedge in the BA and ALA experiments using 

constant and composite viscosity, respectively.  The horizontal thick solid line at 50 km depth indicates 
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the bottom of the overlying rigid lid and the diagonal velocity vectors at the base of the mantle wedge 

correspond to the top slab velocity.  In the experiments using composite viscosity, velocity vectors in the 

mantle wedges show stronger coupling (larger velocity vectors) between the mantle wedge and 

subducting slab, compared with the experiments using constant viscosity.  The figures illustrated at the 

left-bottom show the detailed mantle temperature and flow in the low viscosity zone (serpentinite and wet 

olivine zones) using tracer-lines.  The diagonal dashed line corresponds to the top of the subducting slab.  

In the experiences using composite viscosity, the tracers in the thermal lithosphere are extremely slow, so 

they are not displayed in the figures.  The unit of temperature used here is Celsius. 
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Figure 2.3 

 

Pressure (depth) versus temperature paths for the top of the subducting slab corresponding to the BA and 

ALA experiments using constant and composite viscosity.  Black and red colored lines correspond to the 

experiments using constant and composite viscosity, respectively.  The dashed and solid lines indicate the 

BA and ALA experiments, respectively.  The H2O-saturated basalt solidus comes from Schmidt and Poli 

[1998] and partial melting of the top region of the slab is expected in the experiments using composite 

viscosity.  The pressure is simply calculated by using constant density of 3300 kg/m3 and gravitational 

acceleration of 9.81 m/s2.  Due to compressibility, pressure in the ALA experiments is slightly higher than 

that in the BA experiments at the same depth.  However, the small differences in pressure between the BA 

and ALA experiments (e.g., ~ 0.1 GPa at a 200 km depth) and uncertainty of the H2O-saturated basalt 

solidus justify the use of the simple pressure calculation for pressure description.  This simple pressure 

description is used in the other figures. 
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Figure 2.4 
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Log-scaled normalized viscosity in the mantle wedge from the BA and ALA experiments using composite 

viscosity.  Normalization is conducted by using the bottom viscosity (~ 4.073×1021 Pa·s) calculated from 

diffusion creep with the temperature of 1550 ˚C and pressure at 400 km depth corresponding to the ALA 

experiments.  Due to compressibility, viscosity of the ALA experiments is slightly higher than that of the 

BA experiments: ~ 3.487×1021 Pa·s (BA) versus ~ 4.073×1021 Pa·s (ALA) with the bottom pressure and 

1550 ˚C.  Except for the thermal boundary layer develops on the top of the subducting slab and the 

bottom of the overlying lithosphere, serpentinite and wet olivine zones produce lower viscosities 

compared with the viscosities in the dry olivine zone.  (c) shows the viscosity contrast between the BA 

and ALA experiments by subtracting the viscosity of the BA from that of the ALA.  Lower viscosity zone 

above the subducting slab is observed and represents thinner thermal boundary layer on the subducting 

slab in the ALA experiments (for details, see text). 
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Figure 2.5 

 

Heat generated by viscous dissipation in the mantle wedge for the ALA experiments using constant and 

composite viscosity.  (a) shows the heat production from the ALA experiments using constant viscosity.  

On the slab surface, the calculated heat energy is around 10-10 (J/kg·s) comparable with the heat 

production calculated in McKenzie [1969].  The ALA experiments using composite viscosity (b) show a 

complicated heat production distribution.  Localized strong viscous dissipation on the partially coupled 

zone implies very strong shear localization (large changes in strain rate) above the zone.  Larger heat 

energy is generated below the thermal lithosphere and above the subducting slab where strain rate is 

relatively high.  White colored region produces very little heat energy (< 10-15 J/kg·s). 
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Figure 2.6 

 

Pressure versus temperature paths for the top of the subducting slab corresponding to the BA and ALA 

experiments using constant viscosity, diffusion creep, dislocation creep and composite viscosity.  Black, 

green, blue and red colors correspond to constant viscosity, diffusion creep, dislocation creep and 

composite viscosity, respectively.  The paths for constant and composite viscosity are the same as Figure 

3.  The pressure and temperature paths for dislocation creep and composite viscosity almost overlap each 

other, which indicates the predominance of dislocation creep in the BA and ALA experiments using 

composite viscosity (see text for details.).  The H2O-saturated basalt solidus comes from Schmidt and Poli 

[1998].  
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Figure 2.7 

 

Log-scaled viscosity ratio of diffusion to dislocation creep in the mantle wedge for the BA and ALA 

experiments using composite viscosity.  Dislocation creep becomes the predominant mantle rheology in 

the region where strain rate is high, especially, by the partially coupled zone.  In the ALA experiments 

using composite viscosity (b), the predominance of dislocation creep above the slab surface is extended to 

the bottom of the box. 
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Figure 2.8 

 

Pressure versus temperature paths for the top of the subducting slab by using a partially and fully coupled 

zone.  The solid and dashed lines correspond to partially and fully coupled zones, respectively.  (a) shows 

pressure versus temperature paths in the BA experiments using constant viscosity (black), diffusion creep 

(green), dislocation creep (blue) and composite viscosity (red).  (b) shows the same as the (a) except for 

consideration of compressibility.  In the BA and ALA experiments using dislocation creep and composite 

viscosity, pressure versus temperature paths almost overlap each other.  Except the ALA experiments 

using diffusion creep, pressure versus temperature paths in the ALA experiments show systematic 

increases in temperature through viscosity reduction or additional heat conduction due to the heat 

generated by viscous dissipation. 
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Figure 2.9 

 

Temperature and flow structures in the mantle wedge in the ALA experiments using constant and 

composite viscosity with 30 and 60 degree dips of the subducting slab.  Velocity of 5cm/year is used for 

the velocity of the subducting slab.  The horizontal thick solid line at the 50 km depth indicates the 

bottom of the overlying lid.  The diagonal velocity vectors along the base of the mantle wedge correspond 

to the imposed surface velocity of the subducting slab.  Length of the vector corresponds to the magnitude 

of velocity.  The figures in the small boxes illustrated at the left-bottom show the detailed temperature and 

flow in the low viscosity zone (serpentinite and wet olivine zones) using tracer-lines.  Diagonal dashed 

lines in the small boxes represent the top of the subducting slab.   
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Figure 2.10 

 

Mean temperatures of the top of the subducting slabs.  Each mean temperature is calculated by summing 

temperatures of the nodal points corresponding to the top of the subducting slab and dividing the sum 

with the quantity of the nodal points (201).  Triangle and circle correspond to the ALA and BA 

experiments, respectively.  Red, green and blue colors correspond to 100, 130 and 180 Myr old 

subducting slabs, respectively.  Filled and void symbols correspond to composite and constant viscosity, 

respectively. 
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Figure 2.11 

 

Pressure versus temperature paths for the top of the subducting slab with variations of viscosity reduction 

number for serpentinite zone.  The BA (a) and ALA (b) experiments using constant and composite 

viscosity are illustrated separately for clarity.  Dashed and solid lines represent the experiments using 

constant and composite viscosity, respectively.  Black, brown, blue, green and red colors are 

corresponding to viscosity reduction numbers for serpentinite zone: 0.0001, 0.0005, 0.001, 0.01 and 0.05, 

respectively. 

 

 

 

 

 

 

 

 

 

 



71 
 

Figure 2.12 

 

Pressure versus temperature paths for the top of the subduction slab with variations of viscosity reduction 

number for wet olivine zone: the BA and ALA experiments using constant and composite viscosity.  For 

clarity, the paths corresponding to constant and composite viscosity are illustrated separately.  Black, 

brown, blue, green and red colors are corresponding viscosity reduction numbers for wet olivine zone: 

0.001, 0.01, 0.05, 0.1 and 1, respectively. 
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Figure 2.13 

 

Pressure versus temperature paths for the top of the subduction slab by changing the region of wet olivine 

zone: small (red), intermediate (green) and large (blue).  The BA (a) and ALA (b) experiments using 

constant (dashed lines) and composite (solid lines) viscosity are illustrated separately. 
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Figure 2.14 

 

Pressure versus temperature paths for the top of the subduction slab for the ALA experiments with 

consideration of the half rigid and half fluid elements in the calculation of viscous dissipation: no 

consideration (solid lines) and consideration (dashed lines).  Black, green, blue and red colors correspond 

to constant viscosity, diffusion creep, dislocation creep and composite viscosity, respectively.  In the 

experiments using constant viscosity, the half rigid and half fluid elements produce negligible differences 

in the slab temperature. 
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Appendix  

 

2.A1. Effects of grid resolution and the Picard solver 

 The effect of grid resolution on the thermal and flow structures of the subduction zones is 

evaluated by using 600 by 400 four-node quadrilateral elements (each element size: 1 by 1 km).  We use 

the dip of 45 degrees, 130 Myr old lithosphere and velocity of 5 cm/year of the subducting slab without 

radiogenic heat production and compressibility (BA experiments only) for simplicity of the evaluation.  

Details of the effect of grid resolution with other parameters such as variations of dip, age and velocity of 

the subducting slab with compressibility could be the subject of the future studies.  We use the Picard 

solver to calculate the energy equation here.  The Picard solver attains the converged temperature and 

flow fields very fast compared with the explicit solver but, we encountered numerical difficulties in the 

ALA experiments using diffusion creep viscosity.  In the BA experiments using the 300 by 200 element 

mesh, there is a very good agreement in the results calculated by using the Picard and explicit solvers.  

The BA experiments using constant viscosity produce no differences in temperature and the experiments 

using pressure and temperature dependent viscosity only produce differences in temperature within 0.30 

˚C, regardless of decoupling condition.  Therefore, we assume that the Picard solver can calculate the 

thermal and flow structures very well in the BA experiments.  Figure A1 shows pressure versus 

temperature paths and differences in temperature of the top of the subducting slab between the BA 

experiments using 600 by 400 and 300 by 200 element meshes.  In general, the heat from radiogenic 

materials systematically shifts the slab temperature; see Figure 8a.  In the experiments using the partially 

coupled zone, the finer grid decreases the slab temperature, most noticeably, at the base of the mantle 

wedge in the experiments using composite viscosity and dislocation creep, implying that grid resolution 

affects the mantle rheology and temperature and flow structures in the corner of the mantle wedge.  These 

differences in temperature are still smaller than the differences by variations of age and velocity of the 

subducting slab and rheology (Figure 10).  In contrast to the experiments using a partially coupled zone, a 

fully coupled zone with finer grid produces higher slab temperature.  Similar to those in the experiments 
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using a partially coupled zone, larger differences in temperature are concentrated in the corner of the 

mantle wedge.  These observations imply that 1) a proper treatment of singularity (abrupt changes in the 

slab velocity) at the tip and grid resolution in the corner of the mantle wedge are important experimental 

factors in the models of the subduction zones, consistent with previous experiments [van Keken et al., 

2002; 2008] and 2) a proper implementation of decoupling condition is also important in the BA 

experiments as well as the ALA experiments.  
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Figure 2.A1. 
 

 
 

Pressure versus temperature paths and differences in temperature of the top of the subducting slab in the 

BA experiments using 600 by 400 and 300 by 200 element meshes.  Black, green, blue and red colors 

correspond to constant viscosity, diffusion creep, dislocation creep and composite viscosity, respectively.   

The differences in temperature of the top of the subducting slab between 600 by 400 and 300 by 200 

element meshes are calculated by subtracting the top temperatures of 300 by 200 experiments from those 

of 600 by 400 experiments.   As described in results and discussion, there is a very good agreement in 

pressure versus temperature paths between the experiments using composite viscosity and dislocation 

creep. 
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Chapter 3 

Why are high-Mg# andesites widespread in the western Aleutians? 

A numerical model approach * 

 

Abstract 

 

High-Mg# andesites are thought to be derived from partial melting of subducting oceanic basalts. 

Slab thermal modeling has shown that this requires a young (<25 Ma), very shallow (flat) slab and/or 

high shear stresses along the slab surface. These conditions currently do not exist in the Aleutian arc, the 

typical locality of high-Mg# andesites. Using kinematic-dynamic thermal models of subduction zone that 

include time-dependent age and subducting rate of the oceanic plate entering the trench since subduction 

initiation, we find that partial melting of the subducting oceanic basalts is restricted to the western 

Aleutians (from ~174° W to 195° W), consistent with the widespread occurrence of high-Mg# andesites 

in the western Aleutian arc. Our modeling suggests that consideration of temporal and spatial evolution of 

slab age and subducting rate along the Aleutian island arc is fundamental to the genesis of high-Mg# 

andesites in the western Aleutians. 

 

Keywords: High-Mg# andesite, Aleutian island arc, Numerical model  

 

* An edited version of this chapter was published by the Geological Society of America, Lee, C. and S. D. 

King, Why are high-Mg# andesites widespread in the western Aleutians? A numerical model approach, 

Geology, 38(7), 583-586 
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3.1 Introduction 

 

High-Mg# andesites are observed in the arcs of southwest Japan, Central America, the Aleutians, 

Cascadia, New Guinea, and the Philippines and are considered essential to understand continent 

construction due to their similarity in compositions with continental crust (Gutscher et al., 2000; Kelemen 

et al., 2003b). Geochemical studies have attributed high-Mg# andesites to partial melting of subducting 

oceanic basalts (Kay, 1978; Kelemen et al., 2003b). In contrast to the evidence indicating partial melting 

of subducted sediments found in many subduction zones (Class et al., 2000, and references therein), high-

Mg# andesites are mostly found in association with very young and/or shallow (flat) subducting slabs 

(Sdrolias and Müller, 2006; Syracuse and Abers, 2006). Calculations of slab and wedge thermal structure 

show that partial melting of subducting oceanic basalts is expected only in very young subducting slab 

(<25 Ma), in a shallow (flat) slab and/or in a slab with high shear stresses (~100 MPa) along the slab 

surface (Peacock et al., 1994; Peacock, 1996; Peacock and Wang, 1999; Gutscher et al., 2000). 

While the high Mg# andesites found at many localities are consistent with the young and/or flat 

slab models, the genesis of high-Mg# andesites in the Aleutian island arc has been a puzzle ever since the 

first report of Adakite at Adak island and the western Aleutians (Kay, 1978; Yogodzinski et al., 1995; 

Kelemen et al., 2003b). Based on thermal modeling, a ~50 Ma old Aleutian slab is too cold for slab 

melting, and seismic tomographic models show no evidence of very shallow (flat) subduction in the 

Aleutians (Syracuse and Abers, 2006). Recent numerical models using temperature-dependent viscosity 

produce temperatures consistent with slab melting throughout the Aleutians (Kelemen et al., 2003a); 

however, high-Mg# andesites have only been found in the western Aleutians (Kelemen et al., 2003b). The 

present nearly uniform age of the incoming plate along the length of the Aleutian trench poses a problem 

for any steady-state models of slab thermal structure because of the difference in lava types found in the 

eastern and western Aleutians. Recent plate reconstruction shows that the age and rate of the incoming 

plate at the Aleutian trench has changed significantly with time (Sdrolias and Müller, 2006), suggesting 

the exploration of time-dependent subduction models. In this study, we use two-dimensional kinematic-
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dynamic subduction models varying the age and rate of the incoming plate since subduction initiation. We 

find that when considering subduction history and time-dependent subduction parameters the generation 

of the high-Mg# andesites is restricted to the western Aleutians. 

 

3.2 Numerical model 

 

In order to consider the temporal and along-strike variations of the age and rate of the incoming 

plate, we formulated two representative two-dimensional models (Fig. 1) corresponding to the eastern and 

western Aleutians using recent plate reconstruction and seismic tomographic models (Sdrolias and Müller, 

2006; Syracuse and Abers, 2006). The eastern and central Aleutians can be considered with one model 

because the age and rate of the incoming plate are comparable (Sdrolias and Müller, 2006). The two 

formulated models are similar to our previous models (van Keken et al., 2008; Lee and King, 2009); thus, 

we briefly describe the models here. 

In both models, subducting slab is kinematically prescribed, and flow in the mantle wedge is 

calculated dynamically, excluding mantle buoyancy. To calculate mantle flow and thermal structures, we 

use the incompressible Boussinesq approximation implemented in ConMan (King et al., 1990) and 

include viscous dissipation in the additional experiments (King et al., 2010). 

For the viscosity of the mantle wedge, we use a composite viscosity of diffusion and dislocation 

creep for dry olivine (Karato and Wu, 1993; Lee and King, 2009). Due to dehydration of the subducting 

slab, the mantle wedge above the slab will be hydrated (wet olivine), and to consider wet olivine rheology, 

we use a viscosity reduction factor of 0.05 multiplied by the composite viscosity (Honda and Saito, 2003; 

Lee and King, 2009). The termination depth of slab dehydration is dependent on the incoming slab 

temperatures (Schmidt and Poli, 1998); the extent of the hydrated mantle wedge could be varied with the 

termination depth.  However, our preliminary experiments (not shown) show that the extent of the 

hydrated mantle wedge does not change slab temperatures significantly. Thus, we simply assume a 150 

km depth as the termination depth of slab dehydration. Partial melting in the mantle wedge and 
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subducting slab should also decrease the mantle wedge viscosity (Hirth and Kohlstedt, 2003); however, 

this effect is not considered initially. 

Two domains of 200 km (depth) by 252 km (from the trench to the backarc) and 200 by 400 km 

are formulated for the western and eastern Aleutians, respectively (Figs. 1B and 1C). Although the dip 

angle of the subducting slab varies along the Aleutian arc, averaged dip angles of 45° and 60° are used for 

the eastern and western Aleutians, respectively (Syracuse and Abers, 2006). The thickness of the 

overriding rigid crust is 30 km (Holbrook et al., 1999), and a typical value of radiogenic heat production 

of 3.0 × 10
12

 W/kg is used for the oceanic plate to 10 km depth.  Previous studies show that the mantle 

flow at the tip of the mantle wedge is suppressed (e.g., Currie et al., 2004; Wada et al., 2008) and we 

approximate the suppressed mantle flow by using a vertical boundary crossing the slab surface at 50 km 

depth. 

To represent the time-dependent slab age and subducting rate, we estimate the incoming plate age 

(rate) every 10 (5) Ma at the 1000 (western Aleutians) and 2500 km (eastern Aleutians) from the west end 

of the Aleutian arc (Sdrolias and Müller, 2006). The age and rate of the subducting slab are approximated 

by piecewise polynomials, though simpler approximations could bear the distinct differences in the 

temporal age and rate between the eastern and western Aleutians (Figs. 2A and 2B). The velocity of the 

subducting slab is oblique to the trench, especially in the western Aleutians, and we use the component of 

velocity perpendicular to the trench in our models. The half-space cooling model is used to calculate the 

temperature profile of the incoming and overriding plate (Stein and Stein, 1992). For simplicity, the 

cooling model is extended to the 200 km depth where temperature is assumed to be 1400 °C. The age of 

the overriding lithosphere is held constant (50 Ma) through time. The temperature profile and subducting 

rate of the incoming plate are updated each time step at the trench (the left side of the model domain). 

 

3.3 Results 
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Figure2 shows the slab age and subducting rate as a function of time (Figs. 2A and 2B) and depth 

versus temperature curves (Figs. 2C and 2D) of the subducting oceanic basalts covered by uniform 

thickness of sediments corresponding to the eastern and western Aleutians. Compared with the sediment 

thickness (>1 km) subducted along the Cascadia and Sumatra trenches, the subducted sediments along the 

Aleutian arc are relatively thin: ~350 m for the eastern and central Aleutians, and from ~100 to 200 m for 

the western Aleutians (Plank and Langmuir, 1998). Because the thickness of the sediments is comparable 

to the model element size (Figs. 1B and 1C), we use the temperature curves corresponding to the 

minimum depth of ~440 and 320 m from the slab surface for the eastern and western Aleutians, 

respectively. 

The depth versus temperature plots for the eastern Aleutians with the incompressible model show 

little variation in slab temperatures through time (Fig. 2C). To reflect the uncertainty of wet basalt solidus, 

we plot two end-member solidi of wet basalt (Schmidt and Poli, 1998; Kessel et al., 2005). Except for the 

early Miocene (~20 Ma), none of the depth versus temperature curves intersect the two wet basalt solidi, 

indicating that no slab melting occurs through time in the eastern Aleutians. However, there is extensive 

slab melting in the western Aleutians if the low end-member solidus of wet basalt is considered (Fig. 2D). 

We expect results similar in the eastern and central Aleutians due to the similarities of age and rate of the 

incoming plate. Our results are consistent with previous geochemical studies (Kay and Kay, 1994; Class 

et al., 2000; George et al., 2003); the slab temperatures exist between the solidi of pelagic sediments and 

wet basalt (650-740 °C at 3 GPa) during Tertiary, which creates partial melting of the sediments except 

for underlying oceanic basalts under the central Aleutians such as Umnak island. 

Incompressible calculations including viscous dissipation also show a variation in the style of 

slab melting along the Aleutian arc (not shown). As results of heat generated by viscous dissipation, the 

thermal boundary layer on the subducting slab becomes thinner than in otherwise similar incompressible 

models (Lee and King, 2009) and slab melting is expected throughout the whole arc. However, there is 

significantly less slab melting in the eastern and central Aleutians compared with the western Aleutians 

because depth versus temperature curves corresponding to the eastern Aleutians still slightly cross the low 
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end-member solidus. If the high end-member solidus of wet basalt is considered, there is limited partial 

melting of the oceanic basalts during Miocene in the eastern and central Aleutians. However, regardless 

of the solidi, partial melting of the oceanic basalts occurs through time in the western Aleutians. The 

extensive melting along the western Aleutians is consistent with the widespread occurrence of high Mg# 

andesites in the western Aleutians during Miocene and Quaternary (Kay, 1978; Yogodzinski et al., 1995; 

Kelemen et al., 2003b; Jicha et al., 2004). 

Recent numerical and laboratory analyses (Hirth and Kohlstedt, 2003; Kelemen et al., 2003a) 

suggest that the effective viscosity of the mantle wedge is even smaller (from ~10
17

 to 10
18

 Pa.s) than 

previously considered (e.g., Billen and Gurnis, 2001) and the value used in the models in Figure 1 (from 

~10
18

 to 10
20

 Pa.s). To address the influence of the smaller mantle wedge viscosity, we conduct the 

additional experiments by reducing the activation energy of olivine by 10%, resulting in the mantle 

viscosity an order of magnitude smaller (not shown). Although we do not consider wedge melting, this 

smaller mantle viscosity could be a crude estimation of the effect of wedge melting on the mantle 

viscosity. In this case, the slab temperatures slightly decrease due to the strengthened isolated corner flow 

at the corner of the mantle wedge (Lee and King, 2009), consistent with Kelemen et al. (2003a).  This 

indicates that wide ranges of temperature- and pressure-dependent mantle viscosity can generate partial 

melting of the subducting slab, as pointed out by Kelemen et al. (2003a). 

 

3.4 Discussion 

 

Differing from our interpretation, Kelemen et al. (2003b) suggest that partial melting of the 

oceanic basalts occurring throughout the whole arc is obscured by mixing with partial melting of the 

mantle wedge except for the western Aleutians where lesser wedge melting due to lower mantle wedge 

temperatures does not obscure the slab melting significantly. To distinguish between these interpretations, 

an estimate of the amount of melt in the mantle wedge is crucial. The amount of melt in the mantle wedge 

is estimated by using the batch-melting calculation of Grove et al. (2006). To address the effect of lower 
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mantle temperatures, additional experiments were conducted by using the backarc mantle temperature of 

100 °C lower (1300 °C) at 200 km depth for the western Aleutians. The extent of melt distributions in the 

mantle wedge has not significantly varied with time, compared with the current distribution since 

subduction initiation. The experiments using lower mantle temperature show reduced wedge melting 

(Figs. 3B versus Fig. 3C); however, the lower slab temperatures reduce slab melting significantly, making 

these results difficult to reconcile with the widespread occurrence of high-Mg# andesites. Therefore, 

partial melting in the mantle wedge would be extensive throughout the whole arc (Figs. 3A and 3B). 

If partial melting in the mantle wedge is extensive throughout the whole arc, why are high-Mg# 

andesites observed in the western Aleutians without evidence of significant mixing with melts from the 

mantle wedge, which obscures slab melting? Gaetani and Grove (2003) estimate that the speed of 

ascending melts through porous flow is much higher than the solid-state flow of the mantle wedge. If the 

slab and wedge melts ascend very fast, the melts may erupt without significant mixing. Another possible 

explanation is related to the wet peridotite solidus of Grove et al. (2006), which is one of the lowest solidi. 

If we use the solidus from Schmidt and Poli (1998), wedge melting and mixing will be reduced. 

As described above, the numerical models suggest that slab melting is restricted to the western 

Aleutians and does not occur throughout the entire Aleutian arc. However, it is worth noting that our 

interpretation is not unique, and several caveats need to be considered. 

First, three-dimensional temporal dynamic slab evolution is not considered. Seismic tomographic 

models indicate the presence of a large slab window in the westernmost Aleutians, which may be due to 

slab tearing during Miocene (Levin et al., 2005). Rollback and westward oblique subduction in the 

western Aleutians (Sdrolias and Müller, 2006) may cause lateral flow of hot mantle originating from the 

slab window (Levin et al., 2005). This hot mantle flow could thin the thermal boundary layer and increase 

the slab temperature, resulting in extensive slab melting in the western Aleutians. In addition, constant 

slab dip used in our modeling may be a simple assumption. Using analog models, Guillaume et al. (2009) 

show that slab dip itself varies with time. These could be tested with three-dimensional fully dynamic 

subduction models.   
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Second, frictional shear heating along the slab surface is not considered in our modeling.  

Previous studies show that the magnitude of the shear stress is not well constrained; from ~0 to 100 MPa 

(Peacock, 1996 and references therein). However, even if frictional shear heating occurs along the slab 

surface, the heating would be relatively weak; extensive shear heating would increase the slab 

temperatures for the eastern Aleutians over the wet basalt solidus, inconsistent with the arc lava 

geochemistry (Class et al., 2000; George et al., 2003). 

Third, a wet sediment solidus is poorly constrained. For instance, Johnson and Plank (1999) 

report a solidus of wet pelagic sediments higher than the wet basalt solidus (~100 °C higher at 100 km 

depth). However, unlike partial melting of the oceanic crust, which is restricted to the western Aleutians, 

partial melting of subducted sediments throughout the Aleutian arc is evident from geochemical data 

(Class et al., 2000; Kelemen et al., 2003b). Therefore, the wet sediment solidus in the Aleutian arc may be 

smaller or similar to the wet basalt solidus. 

 

3.5 Concluding remarks 

 

Time-dependent subduction models including varying slab age and subducting rate show that 

melting of the subducting oceanic basalts responsible for high-Mg# andesites is restricted to the western 

Aleutians (from ~174° W to 195° W), consistent with the widespread occurrence of high-Mg# andesites 

in the western Aleutians. Time-dependent subduction parameters provide a consistent interpretation along 

the Aleutian arc without requiring processes that obscure slab melting in the eastern Aleutians. Three-

dimensional fully dynamic subduction models including advanced mantle rheology and melt evolution 

will improve understanding of the Aleutian arc magmatism. 
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Figure 3.1  

 

Schematic map of the Aleutian island arc and representative models for the western and eastern Aleutians. 

The classification of Aleutians and current plate age are based on Kelemen et al. (2003b) and Sdrolias and 

Müller (2006), respectively. Two subduction models (B and C) for western and eastern Aleutians 

correspond to the lines marked 1000 and 2500, respectively (the distance in kilometers from the west end 

of the Aleutian arc). The arrows on the Pacific plate indicate the direction of the subducting Pacific plates 

relative to the trench. The boxes labeled ‘Mesh’ show the element size and environment near the slab 

surface. The locations of Adak and Umnak islands are represented by the filled and open stars, 

respectively. 
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Figure 3.2  

 

Varying slab age and subducting rate of the incoming plate at the trench (A and B) and depth versus 

temperature curves (C and D) corresponding to the eastern and western Aleutians using the 

incompressible model without viscous dissipation. The black diamonds and red squares correspond to the 

estimated slab age and rate every 10 and 5 Ma, respectively (see the text for details). Piecewise 

polynomials (a fourth-order polynomial for the age in B) are used to approximate age and rate. The 

dashed lines labeled with SP, K and N in C and D correspond to the low (Schmidt and Poli, 1998), high 

(Kessel et al., 2005) end-member solidi of wet basalt and the solidus (Nichols et al., 1994) of wet pelagic 

sediments, respectively.  
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Figure 3.3 

 

Melt distribution in the mantle wedge using the melt calculation of Grove et al. (2006) and using the 

incompressible model experiments with viscous dissipation.  C: Melt distribution corresponding to lower 

mantle temperatures (see the text for details). The dashed lines are the slab surface, and the unit of 

temperature is Celsius. The hatched regions correspond to decreasing temperatures with decreases in 

depth, where melt distribution is described qualitatively only. 

 

 

 

 



92 

 

Chapter 4 

Effect of slab buckling on subduction history and its implications * 

 

Abstract 

 

 Recent seismic tomography images show apparent thickening of the subducted slab in shallow 

lower mantle.  Analysis using the scaling laws for buckling of descending fluid indicates that buckling 

resulting from lateral slab deformation across the 660 km discontinuity is consistent with the seismic 

tomography images.  However, the influence of complex dynamic subduction on the slab buckling has 

not been evaluated from the conditions used for the derivation of the scaling laws.  Therefore, we 

formulate 2-D dynamic subduction experiments and evaluate the validity of the scaling laws by varying 

the viscosity increase across the 660 km discontinuity, effective slab strength, Clapeyron’s slope of the 

phase transitions, side-wall boundary conditions and compressibility.  Our calculations show that more 

cycles of periodic slab buckling develops by larger viscosity increases across the 660 km discontinuity, 

smaller effective slab strength, phase transitions, reflecting boundary conditions.  The effect of 

compressibility on slab buckling is relatively minor.  Periodic slab buckling results in periodic variations 

of convergence rate and dip of the subducting slab.  Despite the complex dynamic subduction, the scaling 

laws predict slab buckling period and amplitudes within error of 20%.  Periodic slab buckling has 

important implications in geology.  The periodic convergence rate is consistent with time-dependent 

seafloor spreading at the mid-ocean ridge and convergence rate at the trench constrained by plate 

reconstruction.  In addition, the alternating migration of arc volcanoes in the Andes can be correlated with 

the observed alternating dip of the subducting slab developed by slab buckling.  Our calculations and 

geological evidence imply the periodic slab buckling is a natural expression of Earth’s subduction. 

 

Keywords: Slab buckling, Numerical model, Subduction zone 
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* This work will be submitted to Journal of Geophysical Research 

 

4.1 Introduction 

 

 Subduction zones are a fundamental component of Earth’s dynamic surface and play important 

roles in Earth’s thermal and chemical evolution, plate tectonics, heat budget, and recycle of volatiles [e.g., 

Stern, 2002; Elliott, 2003; van Keken, 2003; King, 2007].  Because subduction zones are not directly 

accessible, diverse geophysical observations contributes to our understanding of subduction zones.  

Recent seismic tomography images show that apparent thickening of the subducted slab in shallow lower 

mantle is not due to limited resolution but indicates real slab structures [Fukao et al., 2001; Karason and 

van der Hilst, 2001; Ren et al., 2007].  The amount of thickening of the subducted slab at a depth of 

~1200 km is around five times the thickness of the subducting oceanic lithosphere.  Slab thickening 

caused by the slowly descending slab due to increasing viscosity with depth is inconsistent with the 

observed slab thickening [Gurnis and Hager, 1988; Gaherty and Hager, 1994; Billen and Hirth, 2007].  

Instead, slab buckling resulting from lateral deformation of the subducting slab in the shallow lower 

mantle is attributed to the observed slab thickening in the tomographic images.  Laboratory and numerical 

experiments have successfully generated extensive slab buckling in the shallow lower mantle, indicating 

that the slab buckling is consistent with the seismic observations [Gaherty and Hager, 1994; Guillou-

Frottier et al., 1995; Christensen, 1996; Behounková and Cízková, 2008].    

 Buckling of fluid descending onto a rigid plate has been studied through theoretical, analog and 

numerical experiments for decades [e.g., Taylor, 1968; Griffiths and Turner, 1988; Tome and McKee, 

1999; Ribe, 2003].  The scaling laws derived from numerical experiments have been successfully applied 

to predict the slab buckling in the Middle America and Java subduction zones [Ribe et al., 2007].  

However, the scaling laws were derived by using the simplified numerical experiments: It is not clear 

how applicable they will be to more complex subduction experiments.  The scaling laws rely on the 

experiments with 1) a kinematically injected fluid, whereas subduction is driven by buoyancy and may 
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not have a constant mass flux, 2) an incompressible homogeneous fluid, whereas slabs experience phase 

transitions and compression, 3) a symmetrically descending fluid from the slot, whereas slabs 

asymmetrically subduct at the trench and 4) a negligible viscosity of the ambient fluid around the 

descending fluid, whereas slabs are surrounded by highly viscous upper mantle.  Among these 

assumptions, the limitations associated with 3 and 4 could be resolved because the scaling laws are valid 

for slanting fluid and large viscosity contrasts ( slab / euppermantl  > 100) between the upper mantle and 

subducting slab do not significantly affect slab deformation [Ribe et al., 2007].  Thus, we evaluate 

whether the scaling laws are valid for Earth’s subduction carrying the limitations associated with1 and 2. 

 Although time-dependent slab buckling has been identified in previous studies [Christensen, 

1996; Enns et al., 2005; Behounková and Cízková, 2008], a consequence of slab buckling on the 

convergence rate of the oceanic plate at the trench and slab morphology in the mantle has not been 

evaluated during the entire subduction life cycle (initiation, self-sustaining period and cessation).  

Dynamic evolution of the subducting slab is controlled by numerous subduction and mantle parameters; 

however, the conditions necessary for the slab buckling mode have not been mapped out.  In addition, 

most subduction experiments are based on an incompressible mantle formulation and studies examining 

the effect of compressibility on mantle convection are rare [e.g., Jarvis and McKenzie, 1980; Leng and 

Zhong, 2008; Lee and King, 2009].  Thus, the purpose of this study is to quantitatively evaluate the effect 

of selected subduction and mantle parameters on slab buckling including; viscosity increase across the 

660 km discontinuity (upper-lower mantle boundary), slab strength (viscosity), phase transitions in the 

mantle and slab, side-wall boundary conditions (reflecting/flow-through) and compressibility.  We first 

present details of the numerical model formulation with relevant mantle and subducting slab parameters.  

We then evaluate the effect of each parameter on the slab buckling and the validity of the scaling laws 

derived by Ribe (2003) for our subduction models.  Our calculations show that the slab buckling is 

generally consistent with the scaling laws (errors < 20 %) unless trench migration is significant. In 

addition, we show that a natural expression of Earth’s subduction is periodic variations of convergence 
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rate and dip of the subducting slab.  Then we compare our findings with geological observations.  We 

show that the slab buckling in our calculations is consistent with the time-dependent mid-ocean spreading 

rate [Cogné and Humler, 2004], convergence rate of the oceanic plate at trench [Sdrolias and Müller, 

2006] and alternating migration of the arc volcanoes [Kay et al., 2006].  

 

4.2 Numerical Models. 

 

4.2.1 Governing equation and reference states 

 Although the governing equations and related parameters are described in several previous 

studies [Jarvis and McKenzie, 1980; Ita and King, 1994; Schubert et al., 2001; King et al., 2010], we 

briefly describe the governing equations and parameters here.  The governing equations of the mantle 

convection with phase transitions can be defined below, 
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 ,          - continuity equation (1) 
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0 ,         - momentum equation (2) 
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where  is the density, t is the time, 


 is the velocity, P is the pressure, g


 is the gravitational 

acceleration,  is the deviatoric stress tensor, CP is the heat capacity at constant pressure,  is the thermal 

expansivity, T is the temperature, k is the thermal conductivity, and H is the rate of radiogenic heat 

production.  SL is the entropy change related to the phase transitions.  
Dt

D
 is the total derivative and  is 

the viscous dissipation, which are described as, 
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where   is the dynamic viscosity, ij



  is the strain rate tensor, ij  is the Kronecker delta,   is the second 

(bulk) viscosity corresponding to 
3

2
 or 0 for the compressible or incompressible fluids, respectively.    

If the mantle is chemically homogeneous and motionless, then mantle density is only a function 

of pressure due to adiabatic compression [Birch, 1952].  However, phase transitions in the mantle prevent 

the use of the adiabatic mantle density approximation [Birch, 1952].  As a first-order approximation, we 

assume that the density increase due to phase transitions can be represented as a perturbation to the 

reference density analogous to the density perturbations resulting from thermal expansion/contraction and 

dynamic pressure.  Therefore, the reference density profile can be expressed with the Adams-Williamson 

equation [Birch, 1952] and, the linear summation of the reference density and perturbations can be 

described as follows, 

),','('),(  TPTP  ,      - density (6) 

'TTT  ,        - temperature (7) 

'PPP  ,        - pressure (8) 

where the overbar and prime represent the reference state and perturbation from the reference state, 

respectively.   is the reference density corresponding to the Adams-Williamson equation.  The density 

perturbation ( ' ) is a function of the dynamic pressure ( 'P ), temperature perturbation ( 'T ) and phase 

transition ( ).  For an incompressible mantle, the reference density is constant ( 0 ) throughout the 

mantle.   With the assumption of constant gravitational acceleration ( 0g ) and thermal expansivity ( 0 ) 

and ignoring phase transitions, the net adiabatic temperature distribution (T ) and lithostatic pressure ( P ) 

are defined below;   
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potential eTT ,       - adiabatic temperature distribution (9)  
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Tc eHgP  ,     - lithostatic pressure (10) 

where potentialT is the mantle potential temperature, d is the domain thickness, z is the depth.  HT and are 

the temperature scale height of compressible mantle and the Grüneisen’s parameter, defined as 
00g
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0 , respectively, and  Di is the dissipation number, 
PC

dg00 .  Because the thermal boundary layer 

is thin when compared with the depth of the mantle, the mantle is nearly adiabatic and we can calculate 

the net adiabatic temperature distribution from the surface.  For the incompressible mantle, T = 0 and 

dgP c 0 because there is no adiabatic compression in the incompressible mantle.  The density 

perturbation due to dynamic pressure, temperature and phase transitions can be expressed below:  











660

660
660

410

410
410

'

0

'
'









 T

K

P

T

,  - density perturbation (11) 

















 


L

tt

dg

TTPP

00

)(
tanh1

2

1




 ,   - progress function (12) 

where TK is the isothermal bulk modulus, assumed a constant and interchangeable with SK  here.  410  

and 660 are the progress functions [Richter, 1973] corresponding to the two major phase transitions in 

the mantle; from olivine to wadsleyite (~410 km depth) and from ringwoodite to perovskite plus 

magnesiowüstite (~660 km depth), respectively [Akaogi et al., 1989; Ito and Takahashi, 1989; Fei et al., 

2004; Akaogi et al., 2007].  tP  and tT  are the reference pressure and temperature where 50% of phase 

transitions are progressed, which are fixed in this study,   is the Clapeyron slope of the phase transitions, 

Ld  is the phase loop, 410  and 660  are the density increases across the phase transition zones, and  

410  and 660  are the reference densities calculated from the Adams-Williamson equation corresponding 
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to 410 and 660 km depth, respectively.  For the incompressible mantle,  , 410 , and 660  are reduced to 

a constant, 0  and  the dynamic pressure term, TKP /'
 is neglected. 

 The entropy changes due to phase transitions can be approximated by using the Clausius-

Clapeyron and volume-density relations [Ita and King, 1994], described below; 














 SSL .     - entropy change (13) 

 To apply non-dimensionalization to the governing equations, we use the relations for the velocity, 

pressure, time and density, described below;  
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where 0  is the thermal diffusivity and 0  is the reference viscosity.  By applying the non-

dimensionalization and keeping the original descriptions for convenience, the governing equations are 

reduced to the Anelastic Liquid Approximation (ALA); 
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where 0T  is the surface temperature, Ra is the Rayleigh numbers defined as 
00

3

000



 Tdg 
.  is the 

dimensionless velocity along the z-direction.  T  is the temperature difference between the top and 

bottom; 0TTT potentialbottom  .  For the incompressible mantle, the dissipation number is 0 and the 
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governing equations are reduced to the Bousinessq Approximation (BA).  The constants used for 

governing equations and reference state can be found in Table 1.  

 To solve the governing equations, we modified ConMan [King et al., 1990], a finite element code 

based on 2-D Cartesian coordinate system for the ALA and BA experiments.  The continuity and 

momentum equations are solved by using the penalty method [Hughes, 1987] and the energy equation is 

solved with the Streamline Upwind Petrov-Gelerkin [Hughes and Brooks, 1979] with a second-order 

predictor and corrector time-stepping scheme.  The ALA implementation has been benchmarked against 

other mantle convection codes [King et al., 2010]. 

   

4.2.2 Rheology 

 Deformation of lithosphere and mantle includes brittle, ductile and viscous behaviors [Kohlstedt 

et al., 1995].  To consider the brittle-ductile behavior of lithosphere, we adopt the pseudoplastic yielding 

formulation described in Tackley [2000].  The lithospheric yielding strength is dominated by the smaller 

of the competing brittle and ductile strengths, described as,  

 ductilebrittleyielding z  ,min ' ,     - yielding strength (17) 

where brittle  and ductile correspond to brittle and ductile strength, respectively.  The brittle strength is a 

function of the dimensionless depth, 
'z , which is 0 at the top and 1 at the bottom.  Although the brittle 

and ductile strengths are poorly constrained, we use constant brittle and ductile strengths of 10 and 0.5 

GPa, respectively, consistent values used in previous dynamic subduction studies [Tackley, 2000; Billen 

and Hirth, 2007].  

 Below the brittle regime, the viscous mantle deformation is calculated by using an Arrhenius-type 

law controlled by temperature and pressure.  Laboratory experiments [Karato and Wu, 1993; Hirth and 

Kohlstedt, 2003] show that the deformation of the upper mantle can be approximated by diffusion and 

dislocation creep; however, diffusion creep is thought to be the dominant deformation mechanism in the 

lower mantle.  Thus, following previous work [Billen and Hirth, 2007; Kneller et al., 2007; Lee and King, 
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2009] we formulate a composite viscosity of diffusion and dislocation creep for the upper mantle and 

diffusion creep for the lower mantle.  The composite viscosity for the upper mantle is expressed as;  

1
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        - composite viscosity (18) 

where the diffusion and dislocation creep are described below; 
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exp        - dislocation creep (20) 

where A is the prefactor, E is the activation energy, V is the activation volume, d is the grain size, n is the 

stress exponent, m is the grain size exponent, R is the gas constant and 


  is the second invariant of strain 

rate.   

 The pressure is calculated by using the linear summation of the reference states and density 

increases due to phase transitions.  The temperature is calculated by summing the temperature 

perturbation, adiabatic temperature distribution and surface temperature (Figure 1b).  However, the 

difference in the reference states for the ALA and BA formulations result in a large difference in the 

calculated viscosity.  To facilitate the comparison between the ALA and BA formulations, we use the 

reference states ( P  and T ) from the ALA calculations for the viscosity calculations of the BA 

formulation.  Finally, the effective viscosity of the lithosphere and mantle is defined below; 
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yielding

eff TP       - effective viscosity (21) 

 There are noticeable differences in the rheological parameters between the laboratory 

measurements and estimations from observations.  For example, the brittle strength measured in the 

laboratory is much stronger than the strength estimated from geophysical observations [e.g., Williams et 

al., 2004; Carpenter et al., 2009].  Also, direct laboratory measurement of mantle viscosity are limited to 
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the upper mantle and more studies are required to evaluate the effect of water and volatiles on the mantle 

viscosity [Karato, 2010].  There is evidence showing that the upper mantle viscosity, especially, 

asthenosphere under the oceanic lithosphere is much weaker than the estimates based on laboratory 

measurements and glacial isostatic adjustment [Ranalli, 2001; Hirth and Kohlstedt, 2003].  Thus, we use 

a modified lithosphere and mantle rheology that is consistent with geophysical observations rather than 

laboratory measurements for deeper mantle [e.g, King and Masters, 1992; King, 1995].  The parameters 

used for the rheology and viscosity structure are described in Table 2 and Figure 1, respectively. 

Previous studies have shown that the effective slab viscosity may be only 2-3 order larger than 

the mean upper mantle viscosity [Zhong and Davies, 1999; Wu et al., 2008], in contrast to the very large 

viscosity (> ~10
26

 Pa.s) calculated from laboratory based rheology equations.  However, recent numerical 

experiment studies show that a low CMB viscosity (~10
20

 Pa.s) reduces the geoid above the subduction 

zones significantly, which reconciles geoid calculations with observations and allows very stiff slabs 

[Tosi et al., 2009] .  The phase transition from perovskite to post-perovskite and partial melting may 

reduce the viscosity around the CMB [Lay et al., 2004; Ito and Toriumi, 2007].  Thus, we use a viscosity 

reduction factor to reduce the CMB viscosity to ~10
20

 Pa.s between 2690 and 2890 km with a 100 km 

thick overlying linear viscosity transition zone. 

 

4.2.3 Model setup 

 We formulate our numerical experiments using a domain of 2890 by 11560 km (1 by 4) 

consisting of 164 by 578 four-node quadrilateral elements.  Because the phase transitions occur through 

thin phase loops (5 km), we uses rectangular elements spanning a width-height range of 20 by 5 km from 

380 to 440 km and from the 620 to 690 km.  Otherwise, 20 by 20 km elements are used throughout the 

remainder of the domain.  The plate boundary (thrust) between the left-side oceanic and right-side 

continental lithosphere is defined at the center of the top of the domain (5780 km).  Diverse 

implementations for the thrust zone have been used in previous studies [e.g., Zhong and Gurnis, 1995; 
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Chen and King, 1998; Billen and Hirth, 2007] and we implement a diagonal weak zone (27 degree) 

consisting of 16 elements with a constant viscosity of 10
20

 Pa.s (Figure 2).   

 The surface and bottom temperatures are constant (Table 1) with no heat flux boundaries along 

the side-walls.  The surface of the overriding continental lithosphere is fixed (no-slip) to avoid symmetric 

subduction of the oceanic and continental lithosphere due to slab suction and viscous coupling between 

the subducting slab and overriding lithosphere [e.g., Chen and King, 1998; Conrad et al., 2004; Cízková 

et al., 2007; Behounková and Cízková, 2008].  The bottom and side-walls are free-slip boundaries along x 

and z directions, respectively.  The oceanic plate is kinematically subducted along the weak zone with a 

convergence rate of 5 cm/a for 4 Myr in order to develop a slab with sufficient negative buoyancy to 

subduct under its own buoyancy.  After that, the oceanic plate is released to subduct dynamically.  

 For the initial temperatures for the lithosphere and mantle, we use the half-space cooling model 

with a mantle potential temperature of 1673 K [Stein and Stein, 1992].  The net mantle adiabatic 

temperature profile is added to temperatures calculated from the half-space cooling model.  For the 

continental lithosphere, we use a uniform thickness of thermal boundary layer corresponding to a 120 

Myr old lithosphere.  For the oceanic lithosphere, we use the half-space cooling model assuming a 

spreading rate of 5 cm/a from the left top (mid-ocean ridge), which creates ~120 Myr old plate at the 

trench (5780 km). 

 

4.3 Results 

 

4.3.1 Effect of viscosity increases across the 660 km discontinuity on slab buckling 

 Because there are a large number of parameters that influence the dynamics of subduction and in 

order to avoid redundancy, the experiments described in this study use a maximum slab strength of 10
24

 

Pa.s, brittle and ductile strengths of 10 and 0.5 GPa, no phase transitions, low viscosity CMB, reflecting 

side-wall boundary conditions and an incompressible mantle unless otherwise noted.     
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 A viscosity increase across the 660 km discontinuity (upper and lower mantle boundary) has been 

proposed based on fitting the observed long-wavelength geoid, ranging from ~10 to 100-fold [e.g., Hager, 

1984; King and Masters, 1992; Čadek and Fleitout, 1999; Mitrovica and Forte, 2004] and plays a crucial 

role in the slab deformation and the style of mantle convection (e.g., whole or layered mantle convection) 

[e.g., Gurnis and Hager, 1988; King and Hager, 1994; Behounková and Cízková, 2008].  Thus, as a first 

step, we evaluate the effect of a viscosity increase across the 660 km discontinuity by conducting a series 

of experiments where we vary the grain size for the lower mantle resulting in 4-, 16-, 32-, 48-, 64-, 80-, 

96-, 112- and 128-fold viscosity increases (Figure 1a and Table 2).  These experiments show that slab 

buckling requires a viscosity increase across the 660 km discontinuity.  A 4-fold viscosity increase 

develops fast and continuous subduction with negligible lateral slab deformation (no slab buckling) in the 

lower mantle.  Increasing viscosity across the 660 km discontinuity acts a barrier and slows down slab 

descending in the lower mantle; large lateral slab deformation (slab buckling) develops.  With increasing 

viscosity across the 660 km discontinuity, lateral slab deformation develops and periodic slab buckling is 

obtained when the viscosity increase is larger than 48-fold.    Figure 3 shows that snapshots of slab 

temperatures and trajectories corresponding to the experiments using 16- and 80-fold viscosity increases, 

the representatives of no slab buckling and slab buckling regimes, respectively.  With increases in 

viscosity across the 660 km discontinuity, more cycles of periodic slab buckling develop. 

 The time-dependent evolution of subduction with increases in viscosity across the 660 km 

discontinuity can be quantitatively analyzed by evaluating convergence rate and thickness of the oceanic 

lithosphere, and time-evolving lateral amplitude of the slab at the 660 km discontinuity, depicted in 

Figure 4.  The convergence rate is measured at the surface; 200 km from the trench.  The depth 

corresponding to 1200 C° is used to measure the thickness of the oceanic lithosphere.  Time-evolving 

lateral amplitude of the slab at the 660 km discontinuity is measured by tracking x-coordinates of the mid-

surface of the subducting slab from the left-wall boundary when the slab crosses the 660 km discontinuity.  

Using the subduction history, the amplitude and period of slab buckling are quantitatively evaluated and 

will be used for the slab buckling analysis described later.  
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 As seen in Figure 4a, the experiment using a 16-fold viscosity increase shows that the 

convergence rate sharply increases up to ~41 cm/a when the slab descends to the upper mantle, observed 

in previous studies [Cízková et al., 2007; Behounková and Cízková, 2008].  The catastrophic fast 

subduction weakens after 7.4 Myr when the subducting slab reaches and descends to the lower mantle.  

After the initial phase, the convergence rate becomes relatively stable by when the slab detaches at 104 

Myr, corresponding to stable subduction with small variations in the dip of the subducting slab with time 

(Figure 4a).  The thickness of the converging lithosphere shows an abrupt decrease of slab thickness 

corresponding to the catastrophic fast subduction in the initial phase (Figure 4c).  After the initial phase, 

the thickness of lithosphere gradually decreases with time by when the slab detaches though small 

variations continue due to the small-scale convection cells (dripping) developed beneath the lithosphere.  

The amplitude of the slab at the 660 km discontinuity shows small variations because of the stable dip of 

the subducting slab, resulting in little periodic slab buckling (Figure 4e).  With the small-scale convection 

cells developing beneath the lithosphere, small-scale convection cells develop above the 660 km 

discontinuity (upwelling) during the entire experiment run (110 Myr).  The ridge, initially located at the 

left-top corner, migrates toward the trench with time; however, ridge subduction does not occur because 

the slab detaches before the ridge reaches the trench; ridge subduction is never observed in any of the 

calculations in this study.   

 Compared with the experiment using a 16-fold viscosity increase, the experiment using an 80-

fold viscosity increase develops slab buckling and shows a much different subduction history.  The 

subduction history can be broken down into three phases; 1) initial unstable subduction, 2) steady-state 

slab buckling, and 3) de-buckling of the stacked slab and slab detachment correspond to the circled 1, 2 

and 3, respectively (Figure 4b, 4d and 4f).  In the initial unstable subduction phase continuing by 46 Myr, 

catastrophic fast subduction (~37 cm at 7.4 Myr) and following unstable early slab buckling develop, 

resulting in an abrupt decrease of the slab thickness (Figure 4b and 4d).  In the steady-state slab buckling 

phase between 46 and 119 Myr, a stable periodic buckling mode develops; the buckled slab stacks in the 

shallow lower mantle and slowly descends to the deeper lower mantle (Figure 3b).  The periodic slab 
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buckling and convergence rate result in near-constant slab thickness (Figure 4d).  In the steady-state slab 

buckling phase, there is an excellent correlation between the periodic convergence rate and dip of the 

subducting slab (Figure 4a).  The local peaks of the convergence rate correspond to the locally shallowest 

and steepest dip of the subducting slab at 300 km depth; shallowing and steepening dip correspond to the 

local troughs of the convergence rate.  The dip of the subducting slab at 150 km depth shows offsets from 

the dip of the subducting slab at 300 km depth.  As expected, there is a good correlation between the 

lateral amplitude of the slab at the 660 km discontinuity and the dip of the subducting slab at 300 km 

(Figure 4f).  In the de-buckling of the stacked slab and slab detachment phase, the stacked slab descends 

to the deep lower mantle and enters the low viscosity CMB; the stacked slab in the shallow lower mantle 

is de-buckled.  Due to the de-buckling of the stacked slab, the style of slab deformation changes from 

steady-state slab buckling to continuous fast subduction without significant slab buckling by when slab 

detaches (Figure 3b and 4b).  The continuous fast subduction results in less periodic evolution of the dip 

of the subducting slab (Figure 4b and 4f).  In this phase, the slab thickness decreases with time, similar to 

the experiments showing no slab buckling (Figure 4c).  After the slab detaches, the oceanic plate 

continues migrating toward the trench at a very slow rate while the detached slab in the upper and lower 

mantle continues descending and laterally spreading above the CMB.  The very slow migration of the 

remnant oceanic lithosphere toward the trench is a consequence of the viscous coupling between the plate 

and whole mantle scale return flow due to the slab suction by the subducting slab in the lower mantle 

[Conrad and Lithgow-Bertelloni, 2004].    

 

4.3.1.1 Slab buckling analysis 

Following the description in Ribe et al. (2007), the style of slab buckling can be divided into two 

end members; viscous and gravitational buckling modes.  The style of slab buckling is determined by 

using the dimensionless parameter below;  
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where Hd is the effective fall height, g is the effective gravity,  is the density contrast (density contrast 

between subducting slab and ambient upper mantle),  is the mean slab viscosity, U1 is the velocity of 

slab where slab buckling occurs, and d1 is the slab thickness where slab buckling occurs.  If the parameter 

 is smaller than a critical value of 3.9, the buckling mode falls into viscous buckling mode, the mode of 

slab buckling in the Earth.  In the viscous buckling mode, the amplitude of the slab buckling can be 

calculated by using the simple equation below; 

d d1= d1,      - amplitude of the slab buckling (19) 

where  is the amplitude of the slab buckling measured along the mid-surface of the slab [Ribe, 2003].  

To calculate the unknown values of U1 and d1, we use the law of conservation of mass; 

U0×d0=U1×d1,       - conservation of mass (20) 

where U0 and d0 are the velocity (convergence rate of the oceanic lithosphere) and thickness of fluid 

(oceanic lithosphere) at the slot (trench), respectively, which can be easily measured.  However, it is 

difficult to calculate U1 and d1 of the deforming slab in the mantle therefore, the buoyancy number (B) is 

useful;  

0
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U

Hg
B d




 .       - buoyancy number (21) 

If the buoyancy number is small enough (< 1.0), the falling fluid (slab) experiences negligible 

extension/compression along the mid-surface of the falling fluid [Ribe, 2003].  Thus, the thickness and 

velocity of the slab are assumed constant throughout the upper mantle; U0 and d0 can be substituted for U1 

and d1. 

 Figure 5 depicts the convergence rate and time-evolving amplitude of the slab in the steady-state 

slab buckling phase of the experiment using an 80-fold viscosity increase.  Because the parameter is valid 

for the steady-state slab buckling, the steady-state slab buckling phase is chosen.  In contrast to 

kinematically injected fluid (constant mass flux) used to develop the scaling laws [Ribe, 2003], the 

convergence rate in the subduction experiments periodically evolves with slab buckling; three cycles are 
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discerned by evaluating slab deformation consisting of steepening and shallowing stages (Figure 5c and 

5d).  Because the fluid is incompressible and no phase transitions are used in these experiments, the 

dynamic evolution of the convergence rate contrasting constant mass flux is the only deviation from the 

scaling laws.  Here averaged convergence rate and slab thickness in the steady-state slab buckling phase 

are used for velocity (U0) and thickness (d0) of fluid, respectively (Figure 5a and 4d).  To measure the 

amplitude of the slab buckling along the mid-surface (), the time-evolving amplitude of the slab is used 

(Figure 5b). 

 To calculate the dimensionless parameter, the density and viscosity of the subducting slab need to 

be evaluated.  However, the density and viscosity of the subducting slab depend on slab temperatures and, 

the viscosity significantly varies from the slab core to surface.  Therefore, the equations defined in 

Parmentier et al. [1976] are applied to calculate mean slab density and viscosity, described below; 
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 ,        - mean slab density (22) 
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 .        - mean slab viscosity (23) 

 The mean slab density and viscosity evolves with time but, the variations are relatively small in 

the steady-state slab buckling phase.  Therefore, we use the averaged mean slab density and viscosity for 

buckling analysis.  Due to the angle of subduction, the effective fall height is the distance between the 

bottom of the oceanic lithosphere at the trench and the mean slab amplitude at the 660 km discontinuity 

which also varies with time.  However, the variations are relatively small in the phase and the mean can 

be approximated by assuming that the averaged dip of subduction is 60 degree; the effective fall height is 

simply calculated below; 

Hd = (660 km – d0)/sin(60°).       - effective fall height (24)   
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 Table 3 shows the amplitudes of calculated and measured slab buckling by using the set of 

experiments described above.  With increases in viscosity across the 660 km discontinuity, the steady-

state slab buckling phase has more cycles and longer wavelength.  Regardless of increases in viscosity, 

variations of mean slab buoyancy ( g ) are insignificant.  However, mean slab viscosity and mean 

convergence rate generally decreases with increases in viscosity across the 660 km discontinuity.  

Buoyancy numbers (> 1.0) corresponding to the experiments indicate slab extension/compression in the 

mantle but, the extension/compression (< 10%) is negligible.  Generally, the measured buckling 

amplitude of the slab is consistent with the calculated buckling amplitude of the slab; the error is smaller 

than 15% despite the complexities of the dynamic subduction experiments.  The last cycle usually has a 

smaller amplitude compared with the other cycles and, it is attributed to the de-buckling of the stacked 

slab due to the low viscosity CMB.  The period of slab buckling also is close to the value for pure viscous 

buckling (~1.218), which indicates that the scaling laws are in good agreement with the slab buckling for 

a wide range of viscosity increases across the 660 km discontinuity (Table 3). 

 

4.3.2 Slab buckling in kinematic and dynamic subduction experiments 

 The slab buckling analysis above shows that scaling laws developed by Ribe (2003) can be 

successfully applied to time-dependent subduction experiments even though the scaling laws were 

derived from kinematic model experiments using a constant mass flux.  However, a question still remains; 

how large is the derivation from the scaling laws due to time-dependent dynamic subduction?  To answer 

the question, a comparison between dynamic and kinematic subduction experiments is conducted to 

discern the influence of time-dependent dynamic subduction.  Previous studies show that slab buckling 

occurs in dynamic as well as kinematic subduction experiments [Christensen, 1996; Cízková et al., 2007; 

Behounková and Cízková, 2008].  However, a quantitative comparison between dynamic and kinematic 

subduction has not been conducted.  Han and Gurnis [1999] show that the dynamic subduction 

experiment can be approximated by a kinematic subduction experiment when an appropriate convergence 
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rate is prescribed.  Although their experiments show near steady-state subduction instead of periodic slab 

buckling, their work suggests that a similar style of slab buckling develops in the kinematic subduction 

experiments when the prescribed convergence rate is comparable with the mean convergence rate of the 

dynamic subduction experiments. 

 To evaluate the influence of time-dependent dynamic subduction, selected dynamic subduction 

experiments (16-, 48- and 80-fold viscosity increases) described above are repeated using kinematically 

prescribed convergence rate along the surface of the oceanic lithosphere.  Because the scaling laws are 

valid for the steady-state slab buckling phase, the temperature and flow structures corresponding to 26.5, 

39.7 and 39.7 Myr of the dynamic subduction experiments using 16-, 48- and 80-fold viscosity increases 

are used for the initial conditions of the kinematic subduction experiments.  Instead of the time-dependent 

convergence rate in the dynamic subduction experiments, constant rates of 5.94, 3.80 and 3.38 cm/a are 

used for the kinematic subduction experiments using 16-, 48- and 80-fold viscosity increases. 

 Figure 6 shows the time-evolving amplitude of the slab at the 660 km discontinuity and slab 

thickness corresponding to the dynamic and kinematic subduction experiments using 16- and 80-fold 

viscosity increases.  Generally, slab trajectory and thickness show fairly similar styles of slab evolution 

with time in both the kinematic and dynamic subduction experiments.  The experiment using a 16-fold 

viscosity increase evolves differently after 90 Myr because the slab does not detach in the kinematic 

subduction experiment (Figure 6a and 6c).  The experiment using an 80-fold viscosity increase shows a 

good correlation in amplitude and wavelength (period) of the slab buckling except for the cycle 3.  The 

stacked slab in the kinematic subduction experiment is de-buckled due to the low viscosity CMB where 

subducted slab enters earlier than the dynamic subduction experiment.  Table 4 shows relevant slab 

buckling analysis corresponding to the dynamic and kinematic subduction experiments.  As expected, the 

amplitude and wavelength of slab buckling agree within 20 % for the scaling laws in both the dynamic 

and kinematic subduction experiments.  These experiments show that the deviations from the scaling laws 

in the dynamic subduction experiments are not the consequence of the time-dependent convergence rate; 

the scaling laws predict slab buckling in the dynamic subduction experiments.  
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4.3.3 Effect of larger slab strength on slab buckling 

 We evaluate the slab buckling by using a maximum slab viscosity of 10
24

 Pa.s which creates an 

effective slab viscosity of ~10
22

 Pa.s; 2-3 order higher than the upper mantle viscosity.  As described 

above, the low viscosity CMB allows reasonable geoid observed over the subduction zones with stronger 

slab calculations [Tosi et al., 2009].  Therefore, it is worth evaluating whether the scaling laws can be 

applicable to the experiments with increasing slab strength. 

 We repeat the same subduction parameters and rheologies except for using a maximum slab 

viscosity of 10
26

 Pa.s.  Table 5 shows relevant parameters and calculations for slab buckling analysis.  

Similar to the experiments using a maximum slab viscosity of 10
24

 Pa.s, all the experiments begin with 

exceptionally high convergence rates (~ 40 cm/a) until the subducting slab reaches the 660 km 

discontinuity (Figure 7a).  The minimum viscosity increase across the 660 km discontinuity required for 

periodic slab buckling is 64-fold, larger than the 48-fold viscosity increase needed to develop slab 

buckling in the experiments using a maximum slab viscosity of 10
24

 Pa.s.  The three phases of the 

subduction (initial unstable subduction, steady-state slab buckling, and de-buckling of the stacked slab 

and slab detachment) are apparent (Figure 7), as observed in the experiments using a maximum viscosity 

of 10
24

 Pa.s.  The experiments using larger slab viscosities allow for a longer lifespan of subduction and 

the steady-state slab buckling phase, slightly slower mean convergence rate, and longer period 

(wavelength) of slab buckling compared with the experiments using smaller slab viscosities (Table 5 and 

Figure 7).  Due to the larger effective slab viscosity (~10
24

 vs. ~10
22

 Pa.s), the buoyancy numbers are 

much smaller than those from the experiments using a maximum slab viscosity of 10
24

 Pa.s, which 

indicates the stiffer slabs undergoing negligible slab compression/extension.  Compared with the previous 

experiments using a smaller effective slab viscosity, larger deviations from the scaling laws occur in the 

last cycle; the last buckling cycle is more strongly affected by the low viscosity CMB more than in the 

experiments using a smaller slab viscosity (Figure 7a and 7c).  Despite the measurable differences, the 
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scaling laws still predict the slab buckling for the experiments using a maximum slab viscosity of 10
26

 

Pa.s; the scaling laws are valid for a wide range of the slab viscosity.  

   

4.3.4 Effect of phase transitions on slab buckling 

 Numerous studies evaluated the effect of phase transitions on the vigor of penetration of the 

subducting slab in the lower mantle [e.g., Christensen and Yuen, 1985; Christensen, 1995; King and Ita, 

1995; Tackley, 1995; Cserepes et al., 2000; King, 2002].  In particular, it is well known that as a result of 

the endothermic phase transition from ringwoodite to perovskite plus magnesiowüstite the phase 

boundary in the subducting slab occurs at a deeper depth than the surrounding mantle; high density slab 

can be significantly retarded or even stop at ~660 km depth [Christensen and Yuen, 1984].  However, 

there is a consensus that even with phase transitions, slabs penetrate into the lower mantle, consistent with 

the existence of slab buckling in the shallow lower mantle as inferred from seismic tomography. 

 The effect of phase transitions on the style of slab buckling has been rarely studied [Behounková 

and Cízková, 2008].  Běhounková and Čížková [2008] evaluate the effect of phase transitions on the style 

of slab buckling by switching on and off individual phase transitions from olivine to wadsleyite and/or 

from ringwoodite to perovskite plus magnesiowüstite.  They found that the phase transition from olivine 

to wadsleyite develops significant slab buckling.  However, the phase transition from ringwoodite to 

perovskite plus magnesiowüstite itself plays only a minor role in the development of slab buckling.  

Although they show that the contribution of individual phase transitions on the style of slab buckling, 

they do not evaluate whether the slab buckling is consistent with the scaling laws derived by Ribe [2003].  

Thus, we evaluate the validity of the scaling laws by including both phase transitions from olivine to 

wadsleyite and from ringwoodite to perovskite plus magnesiowüstite. 

 Laboratory and theoretical studies show large uncertainties of the Clapeyron slopes of the phase 

transitions from olivine to wadsleyite and from ringwoodite to perovskite plus magnesiowüstite [Duffy, 

2005; Frost, 2008 and references therein].  Here, we use median values of the Clapeyron slopes of 2 and -

2 MPa/K for the phase transitions from olivine to wadsleyite and from ringwoodite to perovskite plus 
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magnesiowüstite.  The density increases across the phase transitions are assumed constant; 5 % and 9 % 

for the phase transitions from olivine to wadsleyite and from ringwoodite to perovskite plus 

magnesiowüstite, respectively, constrained by laboratory and seismological observations [Dziewonski and 

Anderson, 1981; Bina and Wood, 1987].  Including the phase transitions, we perform a series of 

experiments with 4-, 16-, 32-, 48- and 64-fold viscosity increases. 

 Figure 8 shows selected snapshots of the slab temperatures and trajectories corresponding to the 

experiments using 16- and 64-fold viscosity increases as representative examples.  Compared with the 

experiments without phase transitions, all the experiments except for the experiment using a 4-fold 

viscosity increase develop significant slab buckling, indicating that the phase transitions reduce the 

minimum viscosity increase across the 660 km discontinuity.  In addition, an additional slab pull due to 

phase transitions from olivine to wadsleyite increases convergence rate of the oceanic lithosphere; very 

high convergence rates of ~65 cm/a are observed in the initial unstable slab buckling phase (Figure 9a and 

9b).  Similar to the experiments developing periodic slab buckling described in sections 3.1, 3.2 and 3.3, 

subduction consists of three phases; initial unstable subduction, steady-state slab buckling, and de-

buckling of the stacked slab and slab detachment.  However, thickness of the oceanic lithosphere 

gradually decreases with time in all the experiments, especially in the experiments using a smaller 

viscosity increase (Figure 9c vs. 9d).  The lifespan of the subduction and wavelength of the slab buckling 

are reduced compared with the experiments without phase transitions.  

 Table 6 shows relevant parameters and calculations for the slab buckling analysis.  The steady-

state slab buckling phase occurs much earlier and shorter than the experiments without phase transitions.  

The effective slab buoyancy and viscosity do not significant vary with time.  The mean convergence rates 

in the steady-state slab buckling phase are much higher than the experiments without phase transitions 

and tend to increase with subsequent cycles, especially, in the experiments using larger viscosity increases 

across the 660 km discontinuity.  Thus, we calculate the buoyancy numbers and dimensionless parameters 

by separately analyzing each cycle of slab buckling, although this assumes each cycle is under the steady-

state.  Because the buoyancy numbers are smaller than 1.0, no extension of the subducting slab is 
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assumed.  The buckling analysis shows that all the experiments tend to decrease the amplitude of the slab 

buckling with subsequent cycles caused by de-buckling of the stacked slab.  As observed in the 

experiments above, period (wavelength) of the slab buckling increases with increases in viscosity across 

the 660 km discontinuity.  Despite the heterogeneous composition of slab due to the presence of the phase 

transitions, the scaling laws generally predict the period (wavelength) and amplitude of the slab buckling; 

deviations from the scaling laws due to the phase transitions are not significant.   

 

4.3.5 Effect of the flow-through boundary conditions on slab buckling 

3-D subduction experiments are still very expensive and there are significant challenges in 

creating 3-D plate-like subduction; thus, 2-D Cartesian models remain important tools in subduction 

modeling.  However, the 2-D Cartesian models require an examination of the side-wall boundary 

conditions.  Flow-through boundary conditions allow lateral flow of the mantle (trench migration if the 

mantle is the reference frame) whereas the reflecting boundary conditions confine the return flow of the 

mantle.  The experiments using flow-through boundary conditions reduce slab buckling [Enns et al., 

2005; Billen, 2008].  Here, we evaluate the effect of the flow-through boundary conditions on the slab 

buckling by including the phase transitions which develop more cycles of periodic slab buckling, shown 

above.  To avoid numerical instabilities, we use the thermal and flow structures at 12 Myr from the 

dynamic subduction experiments using the reflecting boundary conditions. 

 Figure 10 shows that the convergence rate with time and selected snapshots of the slab 

trajectories in the mantle corresponding to the experiments using the flow-through boundary conditions.  

In the experiment using a 16-fold viscosity increase, slab buckling develops when the slab passes the 

phase transition zone from olivine to wadsleyite at ~410 km depth; periodic convergence rate indicates 

slab buckling (Figure 10a).  However, the mean mantle flows to the right, relative to the trench, keeping 

the buckled slab from being stacked on the top of itself in the shallow lower mantle.  Therefore, the 

apparent slab morphology in the shallow lower mantle does not show the extensive slab buckling, as seen 

in the previous experiments.  At ~27 Myr, the mantle flows to the left direction (trench advance if the 
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mantle is assumed as the reference frame) by the slab detachment at 41 Myr with negligible slab buckling.  

In the experiments using larger viscosity increases across the 660 km discontinuity, less slab buckling 

develops when the slab passes the phase transition zone from olivine to wadsleyite compared with the 

experiment using a smaller viscosity increase across the 660 km discontinuity; the amplitude of the 

convergence rate becomes smaller.  In addition, larger viscosity increases across the 660 km discontinuity 

keep the subducting slab from descending into the lower mantle and stacked slab is not observed.  As a 

result, the scaling laws are not relevant to the experiments using the flow-through boundary conditions. 

 Because the mantle flows in the experiments using the flow-through boundary conditions are 

dynamically controlled, it is difficult to quantitatively evaluate the effect of the lateral mantle flows on 

slab buckling; these experiments would be the end-member experiments (fast mantle flows) significantly 

reducing slab buckling.  However, our findings show that the development of slab buckling is sensitive to 

the influence of ambient mantle flows (trench migration); mantle flows suppress slab buckling in the 

mantle.      

          

4.3.6 Effect of mantle compressibility on slab buckling 

 Previous studies have shown that the effect of compressibility on the mantle convection is 

relatively minor [Jarvis and McKenzie, 1980; Lee and King, 2009; King et al., 2010].  However, the 

effects of compressibility in previous studies were evaluated by using one or more of the simple 

environments including: constant or temperature dependent mantle viscosity, homogeneous mantle (no 

phase transitions) and shallower upper mantle (small Rayleigh number).  Because the mantle adiabat and 

density increases due to the adiabatic mantle compression are significant (Figure 1), the effect of the 

mantle compressibility on the slab evolution could be more considerable than that in previous studies.  

Thus, we evaluate the validity of the scaling laws by analyzing the slab buckling of the heterogeneous 

subducting slab caused by compressibility.  For simplicity, the same parameters and rheologies for the 

experiment using a maximum slab viscosity of 10
24

 Pa.s are repeated by including the Anelastic liquid 

approximation (equations 14, 15 and 16). 
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 Similar to the experiments using the incompressible fluid approximation in sections 3.1, 3.2, 3.3 

and 3.4, all the experiments show pulses of convergence rates (~40 cm) in the initial phase.  Increases in 

viscosity across the 660 km discontinuity develop more cycles of slab buckling.  An 80-fold viscosity 

increase is required for periodic slab buckling, larger than a 64-fold viscosity increase in the 

incompressible subduction experiments.  Because the experiments using 48- and 64-fold viscosity 

increases show irregular period and amplitude of buckling, slab buckling analysis is not applied.  Due to 

the adiabatic mantle compression, the subducting slab has higher density (~10%) than the incompressible 

subducting slab (Table 7).  However, the mean slab viscosity is a little smaller than the incompressible 

slab viscosity due to higher slab temperatures, which offset the density increases.  The thickness of the 

converging oceanic lithosphere is a little thinner than in the incompressible subduction experiments.  The 

thinner lithosphere is attributed to the heat generated by viscous dissipation [Lee and King, 2009]; high 

shear strain rate beneath the oceanic lithosphere contributes to a large heat source in the upper mantle and 

temperatures below the oceanic lithosphere (120 km depth) are ~1370 C°, ~50 C° higher than the 

incompressible subduction experiments (equation 5 and 16).   

 Compared with the incompressible subduction experiments, slab buckling shows irregular and 

asymmetric amplitude and wavelength (period) (Figure 7c vs. 11a).  The wavelength of the slab buckling 

for the later cycle significantly decreases but, the amplitude of the slab buckling does not decrease even 

though the slab enters the low viscosity CMB (Figure 11a and 11b).  The different style of subduction 

history is attributed to weak slab pull in the low viscosity CMB; the return flow of the mantle along the 

CMB contributes to significant heat generated by viscous dissipation, which thermally dissipates the 

subducted slab in the low viscosity CMB.  Therefore, the subducting slab in the mantle is not significantly 

affected by the mantle flow in the low viscosity CMB.  Table 7 shows that the convergence rate increases 

with time whereas the thickness of the oceanic lithosphere is relatively constant regardless of the 

increasing convergence rates.  Due to the relatively small mean slab viscosity, the buoyancy number is 

larger than 1.0 but, the slab extension is neglected in the slab buckling analysis.  The measured buckling 

amplitudes show larger irregularities compared with the incompressible subduction experiments.  As 
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shown above, all the experiments show decreasing dimensionless periods for the later cycle of the slab 

buckling, due to shorter wavelength of the slab buckling.  Except for the later cycle, however, the scaling 

laws are generally valid (error < 20%) in the compressible subduction experiments.  

 

4.4 Discussion 

 

4.4.1 Geological implications of periodic convergence rate and slab buckling 

 The periodic convergence rate and slab buckling observed in our calculations (e.g., Figure 4) 

have interesting implications for geology.  Seismic tomography images show that a dip of the subducting 

slab in the shallow depth (~100 km depth) depends on an age of the subducting slab; older slab tends to 

have steeper dip [Jarrard, 1986; King, 2001; Sdrolias and Müller, 2006].  However, there is a poor 

correlation between the age and dip of the subducting slab in the deeper upper mantle (from ~150 to 400 

km depth); the dips are scattered regardless of the slab ages [Jarrard, 1986; King, 2001; Cruciani et al., 

2005; Sdrolias and Müller, 2006].  As described above, our results show time-dependent variations of the 

dip of the subducting slab in the mid-upper mantle due to slab buckling; the dip of the slab varies from 

~45° to even larger than 90° (Figure 4 and 5).  Because seismic tomography only provides present-day 

snapshots of the subducting slab, we only see an instant within the time-dependent evolution of the dip of 

the subducting slab, consistent with the observed poor correlation between the slab age and dip [King, 

2001].    

 Plate reconstruction models of Sdrolias and Müller [2006] show that the convergence rate of the 

oceanic lithosphere toward the trench has been changed in a time-dependent manner.  Our calculations 

show that a sudden increase and following decrease of the convergence rate occur when the slab passes 

the upper mantle and reaches the bottom of the upper mantle.  For example, the Izu-Bonin-Mariana 

subduction zone shows a sudden increase and decrease of the convergence rate since the initiation of 

subduction at ~50 Ma, and following sinusoidal-like evolution of the convergence rate (Figure 12a).  Slab 



117 

 

buckling is observed in the Mariana arc and not in the Izu-Bonin, which is thought to be attributed to the 

asymmetric roll-back along the Izu-Bonin-Mariana where Mariana is the hinge point of the asymmetric 

roll-back [Sdrolias and Müller, 2006].  Our results show that periodic convergence rate is expected in 

subduction zones even though trench roll-back occurs; trench roll-back prevents slab stacking on the top 

of itself in the shallow lower mantle, observed in our calculations (Figure 10).  The convergence rate in 

the Java and Middle America subduction zones where slab buckling is observed also shows sinusoidal-

like convergence rate with time (Figure 12).  Therefore, the time-dependent convergence rate is an 

important supporting evidence for slab buckling in the mantle.  

  Along with the time-dependent convergence rate at the trench, the time-dependent spreading rate 

at the mid-ocean ridges since 180 Ma [Cogné and Humler, 2004; Conrad and Lithgow-Bertelloni, 2007; 

Stepashko, 2008] is also consistent with the time-dependent evolution of the convergence rate and slab 

buckling in our calculations.  These studies show that the spreading rate of the oceanic lithosphere 

bounded by subduction zones evolves in a time-dependent manner compared with the spreading rate at 

the mid-ocean ridges bounded by passive margins (e.g., west Pacific vs. north Atlantic plates).  Because 

most of the driving force (~90%) of the subduction is attributed to the slab [Forsyth and Uyeda, 1975; 

Lithgow-Bertelloni and Richards, 1998; Conrad and Lithgow-Bertelloni, 2002], the generation of the 

oceanic lithosphere at the ridge is a passive phenomenon.  Therefore, it can be hypothesized that the 

generation of the oceanic lithosphere at the mid-ocean ridge is controlled by the termination of the 

oceanic lithosphere at the trench; the generation and termination rates of the oceanic lithosphere balance 

each other.  For example, there is a good positive correlation between the half-spreading rate of the Nazca 

plate and the convergence rate along the Andes arc (Figure 12b).  However, ridge migration/jump, trench 

migration (roll-back/advance) and asymmetric spreading rate at the mid-ocean ridge may results in a large 

over/underestimation of the spreading rate, which causes difficulties in quantitative comparisons between 

spreading and convergence rates [Cogné and Humler, 2004; Sdrolias and Müller, 2006].  In addition, the 

underlying plumes and/or hotter mantle under the mid-ocean ridge causing rapid ocean spreading at the 

mid-ocean ridge result in an imbalance between spreading and convergence rates [Larson, 1991; Cogné 
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and Humler, 2004].  Despite the difficulties, the simple balance as a first-order approximation indicates 

that the time-dependent spreading rate at the mid-ocean ridge is a natural expression of the time-

dependent convergence rate caused by slab buckling. 

In addition to the geophysical studies described above, geochemical and petrological evidence 

also indicates significant time-dependence in subduction zones.  For instance, the temporal and spatial arc 

magmatism in the south-central Andes has been related to the time-dependent dip of the subducting slab 

[e.g., Jordan et al., 2001; Kay et al., 2005; Kay et al., 2006].  Although the detailed mechanism is likely 

to be complicated by trench migration and subduction erosion, the alternating eastward and westward 

migrations of the arc volcanoes is thought to be related to the alternating shallowing and steepening dip of 

the subducting slab, respectively [Kay, 2002; Folguera et al., 2006; Kay et al., 2006].  Plate 

reconstruction models show that the convergence rate in the south-central Andes was increasing from 

early Oligocene to mid-Miocene and decreasing since mid-Miocene [Sdrolias and Müller, 2006] (Figure 

13a).  Because arc volcanoes are found from ~100 to 150 km above the subducting slab regardless of slab 

dip [Syracuse and Abers, 2006], the shallowing slab corresponding to the increasing convergence rate 

from early Oligocene to mid-Miocene relocates the arc volcanoes to the eastward.  Since mid-Miocene, 

the steepening slab corresponding to the decreasing convergence rate migrates the arc volcanoes to the 

westward.  Our calculations of slab buckling are well correlated with the periodic convergence rate and 

dip of the subducting slab (Figure 13b), which is supported by the seismic tomography images showing 

apparent slab thickening in the lower mantle [Grand, 1994; Fukao et al., 2001; Ren et al., 2007; Li et al., 

2008].  Although this is a first-order approximation due to paucity of other subduction conditions such as 

trench migration, our calculations indicate that the slab buckling contributes to the alternating migration 

of arc volcanoes in the Andes.  

 

4.4.2 Caveats and limitations 

 As described above, periodic convergence rate is a consequence of periodic slab buckling in the 

mantle.  In addition, we show that varying dip of the subducting slab is a common process of time-
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dependent nature of Earth’s evolution.  However, it is worth noting some caveats and limitations of this 

study. 

 First, the influence of the initial temperature and viscosity structure is needed to be evaluated.  

For the initial temperature and viscosity structure, a 1-D (depth-dependent) temperature and density 

profiles calculated from the half-space cooling model and the Adams-Williamson equation with phase 

transitions are used; absolutely a priori condition but broadly used in previous studies [e.g., Han and 

Gurnis, 1999; Conrad and Hager, 2001; Billen and Hirth, 2007; Lee and King, 2010].  The initial 

temperature and viscosity structures evolve through secular cooling, radiogenic heat production and 

mantle convection including plume and subduction; transient 2-D structures establish.  Because Earth’s 

heat budget has been evolved for ~ 4.6 billion year, the initial temperature and viscosity structures at the 

subduction initiation are transient 2-D structures.  In the analog or numerical experiments using 1-D 

temperature and viscosity structures (e.g., radial viscosity structure), the influence of the transient 2-D 

temperature and viscosity structures is not an issue [e.g., Funiciello et al., 2003; Enns et al., 2005].  

However, the mantle and slab viscosities as well as the depth of the phase transitions considered in this 

study are sensitive to temperature and pressure; the transient 2-D temperature and viscosity structures 

could influence the slab evolution in the initial phase.  For example, the initial temperature profile of the 

oceanic lithosphere defined by the half-space cooling model rapidly evolves to a different temperature 

profile which reflects the influence of shearing and small-scale convection cells beneath the oceanic 

lithosphere; the deviation from the initial conditions becomes larger in the experiments including 

compressibility.  Therefore, cares should be taken into account in the numerical and analog experiments 

to avoid significant deviations from the 1-D a priori temperature and viscosity profiles. 

Second, most of the experiments here do not consider the effect of trench migration on the slab 

evolution; the trench expressed as a weak zone is fixed at the middle of the domain (Figure 2).  The effect 

of trench migration (advance or roll-back) has been studied for decades through numerical and analog 

experiments [Zhong and Gurnis, 1995; Christensen, 1996; Funiciello et al., 2003; Enns et al., 2005; 

Schellart, 2005].  Because of difficulties in treatment of the thrust zone between the subducting slab and 
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overriding plate, diverse alternatives are used to model trench migration; 1) kinematically migrated trench 

[e.g., Christensen, 1996; Olbertz et al., 1997], 2) free subducting plate without an overriding plate [e.g., 

Funiciello et al., 2003; Enns et al., 2005] and 3) flow-through boundary conditions with a fixed trench 

[e.g., Gurnis and Hager, 1988; Chen and King, 1998].  Despite the limitation of the methods, the 

experiments show that trench migration (advance or roll-back) creates a stagnant slab above the 660 km 

discontinuity and the penetration of the subducting slab in the lower mantle is suppressed; we observe 

similar results in our calculations.  However, we only evaluate two end-members; no trench migration 

(reflecting boundary conditions) or very fast trench migration (flow-through boundary conditions).  The 

influence of the intermediate rate of trench migration on the subduction zones, consistent with the plate 

reconstruction models, remains for a future study. 

 In this study, with the exception of shallower depth, viscosity of the subducting slab is controlled 

by temperature, density and strain rate (upper mantle only) in the Arrhenius type viscosity equation.  

However, water, pre-developed faults/cracks and grain size reduction in the subduction slab may reduce 

the effective slab strength significantly [Ranalli, 1991; Riedel and Karato, 1997; Hirth and Kohlstedt, 

2003].  For example, if the grain size of the subducting slab is reduced through the phase transition from 

olivine to spinel in the upper mantle [Riedel and Karato, 1997], the slab strength entering the lower 

mantle will be weaker than our calculations, leading to even shorter wavelength (period) slab buckling in 

the lower mantle.  In addition, laboratory measurements show that thermal expansivity and conductivity 

of the mantle are pressure and temperature dependent [Hofmeister, 1999; Liu and Li, 2006].  If the 

thermal expansivity (conductivity) of the subducting slab decreases (increases) with depth, the reduced 

negative slab buoyancy retards its descending to the lower mantle [Ita and King, 1998]; slab buckling 

should be more prevalent than our results. 

 

4.5 Summary and Conclusion 
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 Recent seismic tomography images show that apparent slab thickening in the shallow lower 

mantle is not an artifact but a real slab structure, which is consistent with slab buckling.  Our calculations 

demonstrate that periodic slab buckling is a common process expected in subduction systems and results 

in periodic convergence rate of oceanic lithosphere.  In our calculations, we examine the effect of the 

following factors on periodic slab buckling by using 2-D dynamic subduction experiments and the 

findings are summarized below. 

1.  A viscosity increase across the 660 km discontinuity (upper-lower mantle boundary) is required to 

develop periodic slab buckling in shallow lower mantle.  Larger mean slab viscosities require larger 

viscosity increases across the 660 km discontinuity; a 48-fold viscosity increase for the mean slab 

viscosity of ~10
22

 Pa.s whereas a 64-fold viscosity increase for the mean slab viscosity of ~10
24

 Pa.s is 

required for periodic slab buckling. 

2.  The subduction history developing periodic slab buckling consists of three phases; 1) initial unstable 

subduction, 2) steady-state slab buckling, and 3) de-buckling of the stacked slab and slab detachment.  In 

the phase 1, catastrophic fast subduction and a sudden reduction of slab thickness occur.  In the phase 2, 

stable slab buckling is developed by stacking on itself in the shallow lower mantle and results in periodic 

convergence rate.  In the phase 3, the stacked slab is de-buckled due to the descending slab in the low 

viscosity CMB, which results in continuous slab descending with little slab buckling.  

3. Phase transitions from olivine to wadsleyite (~410 km depth) and/or from ringwoodite to perovskite 

plus magnesiowüstite (~660 km depth) develop significant slab buckling compared with the experiments 

without phase transitions; shorter wavelength (period), larger amplitude and faster convergence rate occur.  

Phase transitions reduce the viscosity increase required for the onset of periodic slab buckling.  

4. Flow-through boundary conditions allowing lateral mantle flow develop less slab buckling.  Lateral 

mantle flow (trench migration if the mantle is the reference frame) keeps the subducting slab from 

stacking on itself in the shallow lower mantle; the stagnant slab on the bottom of the upper mantle does 

not develop apparent slab thickening (buckling).   
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5.  The dynamic subduction experiments including compressibility develop periodic slab buckling, 

similar to the incompressible dynamic subduction experiments.  However, the heat generated by viscous 

dissipation along the low viscosity CMB thermally dissipates the subducted slab and weakens the return 

flow of the mantle in the CMB.  Thus, de-buckling of the stacked slab in the lower mantle does not occur; 

the amplitude of the slab buckling does not significantly decrease.  

 With our calculations, we examine whether the scaling laws for buckling behavior of descending 

fluid are valid for the slab buckling in our calculations.  Despite the complexities of dynamic subduction 

experiments, the scaling laws derived by Ribe [2003] generally predict (error < 20%) the slab buckling.  

However, the scaling laws are not valid for the experiments using the flow-through boundary conditions; 

stationary subduction without significant trench migration and lateral mantle flow is required for periodic 

slab buckling.   

 Periodic slab buckling and convergence rate of the oceanic lithosphere have meaningful 

geological implications.  First, the periodic shallowing and steepening subducting slab in depth from ~150 

to 400 km is consistent with the poor correlation between slab age and dip; the seismic tomography 

images only show present-day snapshots of either shallowing or steepening slab.  Second, the sinusoidal-

like style of the convergence rate evaluated from the plate reconstruction models is apparently similar to 

the periodic convergence rate observed in our calculations.  Third, the oceanic plates of which margins 

are bounded by subduction zones (e.g., Pacific plate) show large amplitude of seafloor spreading rate; the 

time-dependent convergence rate of the oceanic lithosphere due to the slab buckling derives the time-

dependent seafloor spreading rate.  Last, the alternating eastward and westward migration of the arc 

volcanoes in the Andes is thought to be related to the alternating shallowing and steepening subducting 

slab; the style of the slab buckling and convergence rate is well consistent with the alternating migration 

of the arc volcanoes in the Andes.  In summary, the geological evidence strongly suggests that the 

periodic slab buckling is a natural expression of Earth’s subduction.     
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Table 4.1 Model parameters 

 

Symbol Parameter Value 

0 (kg/m
3
) Density 3300.0  

410 (kg/m
3
) Reference density at 410 km 3300.0 (incompressible model) 

3595.0 (compressible model) 

660 (kg/m
3
) Reference density at 660 km 3300.0 (incompressible model) 

3986.0 (compressible model) 

410 (%) Density increase at 410 km 5 

660 (%) Density increase at 660 km 9 

Pt,410 (Pa) Pressure for phase transition at 410 km depth 1.370×10
10

 

Pt,660 (Pa) Pressure for phase transition at 660 km depth 2.291×10
10

 

Tt,410 (K) Temperature for phase transition at 410 km 

depth 

1789.0 

Tt,660 (K) Temperature for phase transition at 660 km 

depth 

1866.7 

0g (m/s
2
) Gravitational acceleration 9.81  

0 (/K) Thermal expansivity 2×10
-5

  

CP  (J/kg.K) Heat capacity 1200  

d  (m) Domain thickness 2890×10
3
 

dL (m) Phase loop 2.0×10
4
 

0 (Pa.s) Reference viscosity 10
22

  

0 (m
2
/s) Thermal diffusivity 1×10

-6
  

0T (K) Surface temperature 273  

bottomT (K) Bottom temperature 2683.53 

potentialT (K) Mantle potential temperature 1673  

bottomT (K) Adiabatic temperature  at the bottom 1010.53 

T (K) Temperature difference 2410.53  

Di Dissipation number 0.472515 

  Grüneisen’s parameter 1.1 

H (W/kg) Rate of radiogenic heat production 7.38×10
-12

 

Ra Rayleigh number 3.767204×10
6
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Table 4.2 Rheological parameters 

 

Symbol Parameter Value 

brittle (GPa) Brittle strength 10 

ductile (GPa) Ductile strength 0.5 

Adif (m
2.5

/Pa∙s) Prefactor (dif) 6.10 × 10
-19

  

Adis (s
1.5

/Pa
3.5

) Prefactor (dis) 2.40 × 10
-16

 

Edif  (J/mol) Activation energy (dif) 2.40 × 10
5
 

Edis  (J/mol) Activation energy (dis) 4.32 × 10
5
 

Vdif, 0 km  (m
3
/mol) Activation volume at 0 km (dif) 6.00 × 10

-6
 

Vdif, 660 km  (m
3
/mol) Activation volume at 660 km (dif) 4.20 × 10

-6
 

Vdis, 0 km  (m
3
/mol) Activation volume at 0 km (dis) 1.50 × 10

-5
 

Vdis, 660 km  (m
3
/mol) Activation volume at 660 km (dis) 1.05 × 10

-5
 

Vdif, LM  (m
3
/mol) Activation volume of lower mantle 

(dis) 

1.80 × 10
-6

 

dg, UM (m) Grain size for the upper mantle (UM) 1.00 × 10
-3

 

dg, LM, (m) Grain size for the lower mantle (LM) 0.83 × 10
-2

 (4-fold) 

1.45 × 10
-2

 (16-fold) 

1.92 × 10
-2

 (32-fold)
 

2.25 × 10
-2

 (48-fold)
 

2.52 × 10
-2

 (64-fold)
 

2.76 × 10
-2

 (80-fold)
 

2.97 × 10
-2

 (96-fold)
 

3.16 × 10
-2

 (112-fold)
 

3.33 × 10
-2

 (128-fold) 

n Stress exponent (dis) 3.5 

m Grain size exponent (dif) 2.5 

R (J/mol) Gas constant 8.314 

dif: diffusion creep, dis: dislocation creep, UM: upper mantle, LM: lower mantle  
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Table 4.3 Slab buckling parameters for the experiments using a maximum slab viscosity of 10
24

 Pa.s  

nc: viscosity increase, g : mean slab buoyancy, slab: mean slab viscosity, U0: mean convergence rate, d: mean slab thickness, H0 : distance 

between slab input and the center of the buckled slab at the 660 km discontinuity, B : buoyancy number, calculated : theoretical amplitude of 

buckling, measured: measured buckling amplitude, T' (T): dimensionless period and corresponding period of buckling (1.218 for pure forced 

folding). Calculations of the mean parameters are based on the buckling period.  Multiple values for measured and T' (T) correspond to each cycles 

of slab buckling.     

 

 

 

 

 

 

 

 

 

 

 

 

Inc Buckling 

period (Myr) 
g  

(N/m3) 

slab  

(Pa.s) 

U0 

(cm/y) 

d 

(km) 

H0 

(km) 

B  calculated 

(km) 

measured 

(km) 

T' (T Myr) 

4 No buckling  

16 No buckling  

32 Minor and non-periodic buckling 

48 44-89 304.26 9.a72×1022 3.91 94.08 653.47 1.08 2.76 411.40 409.21, 361.82 1.41 (23.6), 1.23 (20.5) 

64 45-90 303.61 9.67×1022 3.70 97.80 649.17 1.13 2.73 412.61 433.08, 426.70 1.45 (25.5), 1.16 (20.4) 

80 46-119 301.40 8.94×1022 3.52 96.59 650.57 1.28 2.83 412.22 420.15, 444.66, 384.31 1.51 (27.9), 1.22 (22.6), 1.19 (22.0) 

96 48-125 302.27 8.35×1022 3.31 99.83 646.83 1.44 2.86 413.26 419.65, 460.55, 421.04 1.44 (28.2), 1.34 (26.2), 1.13 (22.1) 

112 50-131 301.26 7.87×1022 2.97 99.83 646.83 1.70 2.98 413.26 431.91, 443.59, 414.69 1.41 (30.7), 1.20 (26.0), 1.08 (23.4) 

128 53-142 300.66 7.32×1022 2.77 101.23 645.21 1.94 3.06 413.71 445.54, 448.31, 396.87 1.40 (32.5), 1.26 (29.3), 1.15 (26.8) 
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Table 4.4 Slab buckling parameters for kinematic and dynamic subduction experiments using a maximum slab viscosity of 10
24

 Pa.s 

D: dynamic subduction experiment, K: kinematic subduction experiment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Inc Buckling 

period 
(Myr) 

g  

(N/m3) 

slab  

(Pa.s) 

U0 

(cm/y) 

d 

(km) 

H0 

(km) 

B  calculated 

(km) 

measured 

(km) 

T' (T Myr) 

16 (D) No buckling 

16 (K) No buckling 

48 (D) 44-89 304.26 9.72×1022 3.91 94.08 653.47 1.08 2.76 411.40 409.21, 361.82 1.41 (23.6), 1.23 (20.5) 

48 (K) 44-80 314.63 1.23×1023 3.80 88.59 659.81 0.92 2.75 409.63 438.10 1.33 (23.1) 

80 (D) 46-119 301.40 8.94×1022 3.52 96.59 650.57 1.28 2.83 412.22 420.15, 444.66, 384.31 1.51 (27.9), 1.22 (22.6), 1.19 (22.0) 

80 (K) 46-100 313.67 9.25×1022 3.38 90.58 657.51 1.37 2.99 410.28 439.88, 445.66 1.38 (26.8), 1.28 (24.8) 
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Table 4.5 Slab buckling parameters for the experiments using a maximum slab viscosity of 10
26

 Pa.s  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Inc Buckling 

period (Myr) 
g  

(N/m3) 

slab  

(Pa.s) 

U0 

(cm/y) 

d 

(km) 

H0 

(km) 

B  calculated 

(km) 

measured 

(km) 

T' (T Myr) 

4 No buckling  

16 No buckling  

32 Minor and non-periodic buckling 

48 Minor and non-periodic buckling 

64 51-104 302.86 5.90×1024 3.14 97.56 649.45 0.02 0.99 422.28 432.80, 374.71 1.37 (28.3), 1.21 (25.0) 

80 52-133 301.83 5.38×1024 2.99 97.12 649.96 0.02 1.03 422.10 452.59, 400.57, 347.39 1.38 (30.0), 1.05 (22.9), 1.26 (27.3) 

96 54-142 301.09 4.69×1024 2.63 100.82 645.69 0.03 1.07 423.66 425.08, 382.70, 340.20 1.34 (33.0), 1.21 (29.7), 0.99 (24.4) 

112 56-147 299.48 4.65×1024 2.52 101.16 645.29 0.03 1.08 423.81 427.16, 400.28, 370.97 1.35 (34.6), 1.04 (26.6), 1.15 (29.5) 

128 59-153 287.99 4.14×1024 2.52 99.75 646.92 0.04 1.11 423.21 442.80, 457.39, 399.04 1.47 (37.7), 1.14 (29.1), 1.04 (26.7) 
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Table 4.6 Slab buckling parameters for the experiments using a maximum slab viscosity of 10
24

 Pa.s and phase transitions 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Inc Buckling 

period (Myr) 
g  

(N/m3) 

slab  

(Pa.s) 

U0 

(cm/y) 

d 

(km) 

H0 

(km) 

B  calculated 

(km) 

measured 

(km) 

T' (T Myr) 

4 No buckling  

16 18-41 317.32 1.32×1023 12.54 
11.14 

13.14 

104.44 
95.84 

87.65 

641.50 
651.43 

660.89 

0.25 
0.29 

0.30 

1.75 
1.91 

2.15 

425.19 
421.56 

418.10 

477.25 
443.22  

379.83 

1.51 (7.72) 
1.20 (7.02) 

1.39 (7.01) 

32 22-57 311.92 1.01×1023 8.45 
8.44 

11.34 

11.01 

103.49 
94.93 

87.24 

80.49 

642.60 
652.48 

661.37 

669.16 

0.48 
0.49 

0.38 

0.40 

2.07 
2.20 

2.16 

2.29 

421.31 
421.17 

417.92 

415.98 

485.55  
456.76 

435.19  

405.62 

1.28 (9.76) 
1.18 (9.09) 

1.35 (7.85)  

1.15 (7.00) 

48 27-77 310.67 8.84×1022 7.13 
7.05 

8.20 

8.52 
11.21 

104.34 
95.85 

87.93 

81.15 
75.44 

641.63 
651.43 

660.57 

668.40 
674.99 

0.64 
0.67 

0.59 

0.58 
0.45 

2.22 
2.36 

2.40 

2.51 
2.45 

425.15 
421.56 

418.22 

415.35 
412.94 

471.94 
466.06 

447.73  

416.39 
411.26 

1.31 (11.81) 
 1.23 (11.40) 

 1.27 (10.27)  

1.05 (8.26) 
1.22 (7.35) 

64 30-97 309.76 7.69×1022 5.56 

6.23 
6.34 

7.71 

8.62 
10.27 

103.94 

95.79 
88.29 

81.94 

76.64 
72.29 

642.08 

651.49 
660.15 

667.48 

673.61 
678.63 

0.94 

0.86 
0.87 

0.73 

0.67 
0.57 

2.45 

2.51 
2.64 

2.64 

2.68 
2.66 

424.98 

421.54 
418.37 

415.69 

413.44 
411.60 

477.62 

475.25 
462.54  

430.48  

399.74 
369.67 

1.26 (14.55)  

1.34(14.03)  
1.18 (12.28)  

1.15 (9.97)  

1.11 (8.64) 
1.00 (6.63) 
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Table 4.7 Slab buckling parameters for the experiments using a maximum slab viscosity of 10
24

 Pa.s (Compressible model) 

 



 
 
 
 
 

 

 

 

 

 

 

 

 

 

Inc Buckling 

period (Myr) 
g  

(N/m3) 

slab  

(Pa.s) 

U0 

(cm/y) 

d 

(km) 

H0 

(km) 

B  calculated 

(km) 

measured 

(km) 

T' (T Myr) 

4 No buckling  

16 No buckling  

32 No buckling 

48 Minor and non-periodic buckling 

64 No systematic buckling 

80 52-119 339.98 7.98×1022 3.76 

3.82 

3.95 

87.71 660.83 1.56 

1.53 

1.51 

3.07 

3.05 

3.04 

412.22 433.06, 379.31, 426.99 1.34 (23.5), 1.31 (22.6), 1.22 (20.7) 

96 50-143 340.96 7.70×1022 3.46 

3.52 
3.95 

4.50 

4.93 

87.38 661.20 1.76 

1.73 
1.54 

1.36 

1.24 

3.17 

3.16 
3.07 

2.97 

2.90 

413.26 418.87, 352.39, 313.96, 

439.67, 324.65 

1.39 (26.5), 1.23 (23.1), 1.06 (17.7), 1.02 

(15.0), 0.83 (11.2) 

112 49-151 334.82 7.12×1022 3.12 
3.22 

3.62 

4.22 
4.62 

87.37 661.22 2.08 
2.01 

1.79 

1.54 
1.40 

3.30 
3.28 

3.18 

3.06 
2.99 

413.26 410.47, 361.63, 421.59, 
431.13, 408.59 

1.39 (29.4), 1.41 (29.0), 0.93 (16.9), 1.12 
(17.6), 0.78 (11.2) 

128 51-164 330.14 6.95×1022 2.88 

2.97 
3.43 

3.82 

4.21 

89.67 658.56 2.26 

2.18 
1.89 

1.70 

1.54 

3.32 

3.29 
3.18 

3.09 

3.02 

413.71 406.13, 373.76, 439.65, 

424.91, 494.84 

1.40 (32.0), 1.37 (30.3), 1.01 (19.4), 1.17 

(20.2), 0.72 (11.2) 
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Figure 4.1 

 

Initial viscosity (a) and temperature profiles (b) used in this study.  The viscosity profiles correspond to 4-, 

16- and 64-fold viscosity increases with the low viscosity CMB for a 50 Myr old oceanic lithosphere plus 

net mantle adiabat.  The other viscosity profiles for the higher viscosity increases are omitted for clarity.  

For the viscosity profiles of the upper mantle, activation volumes of the diffusion and dislocation creep 

are assumed to linearly decrease with depth by 30% at the 660 km discontinuity (Table 2).  To calculate 

the viscosity of dislocation creep, a strain rate of 10-15/s is used.  The activation volume of the lower 

mantle is constant regardless of depth.  Viscosity increases across the 660 km discontinuity are calculated 

by using grain sizes described in Table 2.  Pressure and temperature for the viscosity calculation are 

updated each time step.  The net mantle adiabat is based on the Adams-Williamson equation and kept 

constant during the entire experiment run. 
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Figure 4.2 

 

Schematic diagram of the dynamic subduction model.  The weak zone consists of 16 elements and is used 

to approximate the thrust between the subducting slab and overriding plate.  The dashed lines correspond 

to 410, 660 and 2690 km depths. 
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Figure 4.3 

 

Snapshots of slab temperatures (a and b) and trajectories (c and d) corresponding to the experiments using 

16- and 80-fold viscosity increases.  Distance is measured from the left-wall boundary of the model 
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domain and exaggerated 2.3 times for a better viewing.  The dashed horizontal line corresponds to the 660 

km discontinuity.  An interval of 200 ˚C is used for depicting slab temperatures (for a better view, the 

temperatures are divided by 100).  The unit for slab temperatures is Celsius.  The slab trajectories are 

depicted by linking tracers which are implemented along the mid-surface of the converging oceanic plate.  

Initially, 2000 tracers are implemented at 35 km depth and 110 km away from the trench and each tracer 

is released every 0.1 Myr.     
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Figure 4.4 

 

Convergence rate, slab thickness and time-evolving lateral amplitude of the subducting slab at the 660 km 

discontinuity corresponding to the experiments using 16- and 80-fold viscosity increases.  The fine and 

coarse dashed lines correspond to the dip of the subducting slab at 150 and 300 km depth, respectively.  

The dip of the subducting slab varies with depth due to its arc-shape curvature; thus the dip is estimated 

by measuring the dip of the line linking the 35 km depth at the trench with 150 (300) km depth in the 

mid-surface of the subducting slab.  The boundaries for the three phases are somewhat arbitrarily defined 

because the transitions between the phases are continuous.  We assume the first local trough of the 

amplitude of the slab as the boundary between the phase 1 and 2, which is the starting point of the steady-

state slab buckling.  For the boundary between the phase 2 and 3, we assume the last local trough of the 

amplitude of the slab after which release of the stacked slab occurs.  The dots indicate x-coordinates of 

the subducting slab crossing the 660 km discontinuity with time. 
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Figure 4.5 

 

Convergence rate and time-evolving amplitude of the subducting slab at the 660 km discontinuity 

corresponding to the experiment using an 80-fold viscosity increase in the steady-state slab buckling 

phase.  Each cycle is defined by using the local lowest amplitudes (b).  Because the amplitude of each 

cycle varies with time, the amplitude of the slab is measured by gauging the distance between the local 

peak and trough plus the slab thickness.  Each cycle consists of steepening and shallowing stages; c and d 

show the steepening and shallowing stages for the cycle 2, respectively.  For a better viewing, the distance 

is exaggerated 2 times.  The numbers on the slab trajectories indicate elapsed time (Myr) since the 

initiation of subduction. 
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Figure 4.6 

 

Time-evolving amplitude of the subducting slab at the 660 km discontinuity (a and b) and slab thickness 

(c and d) corresponding to the dynamic and kinematic subduction experiments using 16- and 80-fold 

viscosity increases.   
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Figure 4.7 

 

Convergence rate, slab thickness and time-evolving lateral amplitude of the subducting slab at the 660 km 

discontinuity corresponding to the experiment using an 80-fold viscosity increase with a maximum slab 

viscosity of 1026 Pa.s. 
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Figure 4.8 

 

Snapshots of slab temperatures and trajectories corresponding to the experiments using 16- and 64-fold 

viscosity increases and phase transitions.  The other notations are same with Figure 3.    
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Figure 4.9 

 

Convergence rate, slab thickness and time-evolving lateral amplitude of the subducting slab at the 660 km 

discontinuity corresponding to the experiments using 16- and 64-fold viscosity increases and phase 

transitions.  The other notations are same with Figure 4. 
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Figure 4.10 

 

Convergence rate and slab trajectories of the experiments using the flow-through boundary conditions and 

phase transitions.  Larger increases in viscosity across the 660 km discontinuity such as 48-fold efficiently 

suppress slab descending into the lower mantle (f).    
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Figure 4.11 

 

Time-evolving lateral amplitude of the subducting slab at the 660 km discontinuity (a) and snapshots of 

the slab trajectories corresponding to the experiments using 96- and 128-fold viscosity increases with the 

compressible fluid approximation (b and c).  Slab detaches at 155 and 169 Myr for the experiments using 

96- and 128-fold viscosity increases, respectively.  
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Figure 4.12 

 

a) Convergence rates at the Java, Middle America and Izu-Bonin-Mariana arcs [Sdrolias and Müller, 

2006].  The convergence rates do not significantly vary along the trench and median values are used.  b) 

Median convergence rate at the Andes arc and averaged half-spreading rate at the mid-ocean ridge (East 

Pacific Rise) of the Nazca plate from Sdrolias and Müller [2006] and Cogné and Humler [2004], 

respectively.   For a and b, the convergence rate are depicted by averaging the convergence rate every 5 

Ma. 
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Figure 4.13 

 

a) Convergence rate at the Andes arc estimated at ~35˚S from Sdrolias and Müller (2006).  The 

convergence rate is depicted by averaging the convergence rate every 5 Ma.  O, M and P correspond to 

Oligocene, Miocene and Pliocene.  b) Convergence rate and dip of the subducting slab from the 

experiment using a 64-fold viscosity increase.  The dashed line corresponds to the dip of the subducting 

slab at 150 km depth. 



154 
 

Chapter 5 

Future directions in subduction research 

 

 In the studies described in this thesis, I show that time-dependent convergence rate and slab dip 

developed by buckling of the slab is Earth’s natural expressions of subduction (Chapter 4) and that the 

effect of compressibility on subduction is minor (Chapter 2 and 4).  Our understanding of subduction 

zones related to temporal and spatial evolution of arc volcanisms can be considerably improved when 

time-dependent, as opposed to steady-state subduction models, are considered (Chapter 3 and 4).  

However, the effects of trench migration constrained by plate reconstruction on buckling behavior of the 

slab have not been systematically evaluated- a future study to be tested in 2-D kinematic/dynamic 

subduction models.  In addition, all the studies described in this thesis are based on 2-D Cartesian models 

where we consider a cross section normal to the trench; 3-D aspects of subduction zones, such as along-

strike variations of trench geometry, convergence rate and slab age, cannot be considered.  Therefore, 

another future study should focus on the time-dependence of the subduction parameters (convergence rate, 

slab age and trench migration) in 3-D models in order to evaluate the influence of 3-D aspects of 

subduction zones; 4-D (time + 3-D domain) models.  Here, I briefly describe several suitable future 

studies for time-dependent 2-D and more importantly 4-D subduction models. 

 

5.1 Future studies (time-dependent 2-D subduction models) 

 

5.1.1 Effect of Trench Migration on Buckling Behavior of the Subducting Slab; A General Study    

 As discussed in the limitations and caveats to the work presented in Chapter 4, the most 

significant difference in buckling behavior of the slab is between the models with no trench migration and 

significantly fast trench migration; fast trench migration efficiently suppress slab buckling.  The reflecting 

boundary conditions might be suitable for the subducting slab that has been surrounded by other 



155 
 

subducting slabs which may confine the mantle flows and/or that has experienced negligible trench 

migration (e.g., the Mariana subduction system) [Fukao et al., 2001; Li et al., 2008].  However, plate 

reconstruction models show that most of the subduction zones have experienced some amount of trench 

migration influencing the buckling behavior of the slab.  Therefore, a systematic study is required to 

investigate the effect of trench migration on buckling behavior of the subducting slab by varying the 

migration rate from zero to the value from the experiments using the flow-through boundary conditions 

described in Chapter 4.  However, as discussed in Chapter 4, it is difficult that the convergence and trench 

migration rate dynamically evolve as what constrained by the plate reconstruction models.  As an 

alternative to control the trench migration, Chen and King [1998] imposed velocities along the side-walls 

of the computational domain to imitate trench migration.  Using the imposed velocities, the influence of 

the trench migration on the slab buckling behavior can be tested.  The buckling behavior of the slab 

constrained by such a study could be compared with seismic tomography images. 

  

5.2 Future studies (4-D subduction models) 

 

5.2.1 Distribution of High Mg# Andesites in the Aleutian Island Arc: time-dependent 3-D 

Numerical Model Approach   

 The next step for the Aleutians should be 4-D kinematic-dynamic subduction modeling to 

evaluate the effect of trench geometry and oblique convergence on distribution of high Mg# andesites in 

the Aleutian island arc, an improved study based on the time-dependent 2-D kinematic-dynamic 

subduction models described in Chapter 3.  For the 2-D subduction models, the trench-normal vector of 

the convergence velocity was used for the convergence rate at the eastern and western Aleutians.  

However, plate reconstruction models [Sdrolias and Müller, 2006] show that there is a significant 

component of oblique convergence of the incoming Pacific plate to the Aleutian trench and, that this 

component becomes increasingly significant throughout the western Aleutians (Figure 1 in Chapter 3).  

Thus, the large trench-parallel vector of the oblique convergence velocity in the western Aleutians may 
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drive lateral mantle flow in the mantle wedge, which may change thermal and flow structures different 

than those from the 2-D subduction models.  The steady-state 3-D subduction model experiments 

conducted by Honda and Yoshida (2005) show that the experiments using trench-normal vector of the 

oblique convergence velocity result in similar thermal and flow structures of the experiments using 

oblique convergence velocity.  However, the combined effects of the concave Aleutian trench and oblique 

convergence of the incoming Pacific plate on the thermal and flow structures of the mantle wedge and 

subducting slab have not been evaluated.  Through 4-D subduction models, the distribution of slab 

melting responsible for high Mg# andesites could be constrained and compared with the petrological and 

geochemical observations in the Aleutian island arc, building on the 2-D time-dependent work presented 

in Chapter 3.  

 

5.2.2 Effect of Asymmetric Trench Roll-back on Slab Morphology in the Izu-Bonin-Mariana (IBM) 

Subduction System 

 The intraplate Izu-Bonin-Mariana (IBM) subduction system has been a focus for Earth scientists 

for decades [Ben-Avraham and Uyeda, 1983; Hall et al., 1995; Bryant et al., 2003; Straub et al., 2009].  

Bathymetry studies across the IBM subduction system show the characteristic trench geometry; a 

relatively-straight trench along the Izu-Bonin subduction system is changed into a concave trench in the 

Mariana subduction system.  The origin of the concave trench is thought to be caused by the subduction 

of the low-density Ogasawara plateau at the north-end Mariana trench since mid-Miocene [Mason et al., 

2010].  Along with the trench geometry, seismic tomography images show the unique slab morphology in 

the IBM subduction system [Fukao et al., 2001; Miller et al., 2005; Li et al., 2008].  Below the backarc of 

the Izu-Bonin subduction system, the subducted slab is stagnant above the 660 km discontinuity without 

apparent slab thickening.  Unlike the stagnant slab in the Izu-Bonin subduction system, the slab below the 

backarc of the Mariana subduction system steeply subducts in the upper mantle and experiences apparent 

slab thickening in the shallow lower mantle.  
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 Laboratory and numerical experiments show that stagnant slabs above the 660 km discontinuity 

develop when the trench roll-back is significant [Zhong and Gurnis, 1995; Christensen, 1996; Funiciello 

et al., 2003a; Funiciello et al., 2003b; Enns et al., 2005].  In Chapter 4, stagnant slabs are observed in the 

experiments using flow-through boundary conditions which imitate trench migration (Figure 10 in 

Chapter 4).  Thus, the stagnant slab in the Izu-Bonin subduction system could be attributed to the trench 

roll-back along the Izn-Bonin trench.  Previous studies and the calculations in Chapter 4 (Figure 3b in 

Chapter 4) show that the slab buckling develops in stationary subduction systems with little influence of 

the trench migration [Enns et al., 2005; Behounková and Cízková, 2008].  Therefore, the steeply 

subducting slab and apparent slab thickening (slab buckling) in the Mariana subduction system is through 

to have developed under a trench that has been stationary since the initiation of subduction.  The along-

strike variations of the slab morphology require significant trench roll-back in the Izu-Bonin subduction 

system and a stationary trench in the Mariana subduction system.  Recent plate reconstruction models hint 

at the along-strike variations of trench migration in the IBM subduction system.  Sdrolias and Müller 

[2006] show that the IBM subduction system has experienced asymmetric trench roll-back with a hinge 

located at the south end of the Mariana subduction zone ever since the initiation of subduction at ~50 Ma; 

the trench along the IBM subduction system rotates clockwise (Figure 4b in Sdrolias and Müller, 2006).  

Therefore, the asymmetric trench roll-back is consistent with the asymmetric slab morphology along the 

IBM subduction system. 

Although the asymmetric slab morphology along the IBM subduction system can be intuitively 

understood, the detailed effect of asymmetric trench roll-back on the slab morphology can be essentially 

tested through 3-D subduction model experiments.  Although several 3-D subduction models were carried 

out in order to infer the slab morphology in the IBM subduction system [e.g., Piromallo et al., 2006; 

Mason et al., 2010] asymmetric trench roll-back has not been considered.  Thus, a focused study is to 

evaluate the effects of asymmetric trench roll-back (migration) on the slab morphology by using a series 

of 4-D subduction model experiments.  
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 The first step should be to formulate a 4-D subduction model where asymmetric trench roll-back 

is kinematically prescribed with time-dependent convergence rate and slab age.  The asymmetric trench 

roll-back, convergence rate and plate age will be constrained by the plate reconstruction model from 

Sdrolias and Müller [2006].  While the incoming oceanic plate is kinematically controlled, deformation of 

the subducting slab in the mantle is dynamically governed.  The calculations in Chapter 4 and previous 

studies show that slab buckling develops in both kinematic and dynamic subduction model experiments 

[Behounková and Cízková, 2008].  Therefore, the kinematic subduction experiments would be sufficient 

to allow stagnant slab or steep slab subduction with slab buckling.  This study would be a first-order 

approximation in order to understand the effect of asymmetric trench roll-back on the slab morphology in 

the IBM subduction system.   

 Following this study, subduction of the Ogasawara plateau and dynamically controlled trench 

roll-back can be separately tested and compared with the kinematic subduction experiments above.  

Mason et al. [2010] show that the low-density Ogasawara plateau which is reluctant to subduct develops 

slab tearing at the north end of the Mariana subduction system.  If the plateau develops slab tearing, the 

slab tearing physically separates the subducting slab into two parts; the northern slab influenced by trench 

roll-back and the southern slab under the influence of the stationary trench.  The slab tearing may 

contribute to easier development of the stagnant slab in the Izu-Bonin subduction system because the slab 

is independently controlled by the trench roll-back without the interference of the steeply subducting slab 

in the Mariana subduction system. 
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