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a b s t r a c t

The foundering of oceanic lithospheres controls the circulation patterns of the mantle around

subducting slabs. Here, we investigate the sensitivity of the mantle flow to slab buoyancy variations

along convergent margins using three-dimensional numerical models of subduction in a viscous

mantle. The models illustrate that in a buoyancy-driven system varying subduction velocity arising

from negative buoyancy variations effectively drives pressure gradients and confers a general flow

component sub-parallel to the margin’s strike, allowing for material transport over large distances

around the slabs. The along-slab velocity component introduces widespread horizontal simple shear in

the mantle flow which is maximized beneath the slab between �100 and �350 km. Mantle flow

complexities develop rapidly, although not instantaneously, upon subduction of heterogeneous plates.

The resulting slab pull gradients are mostly accommodated by internal slab deformation, decoupling

the mantle flow from motions at surface. Moderate slab pull variations have a minor impact on plate

velocity, and might not result in trench motions, although effectively rearrange the flow. Slab buoyancy

heterogeneities are firstly associated with age-dependent thickness variations, but also with slab break

offs and windows, varying depth of subduction and entrainment of buoyant blocks. Because these are

observed at all subduction zones, the process shown here should have a global relevance for the flow

around slabs.

& 2012 Elsevier B.V. All rights reserved.

1. Introduction

The negative buoyancy of sinking slabs fundamentally controls
the circulation of the mantle around subducting lithosphere. Yet,
the complexities of mantle flow and mass transport on Earth
remain difficult to constrain from the available indirect observa-
tion. Simplified geodynamic models of subduction show that the
mantle is entrained with subducting slabs, flowing perpendicular
to the trench in both the subslab and mantle wedge, and mass
exchange is confined to the slab edges where the flow is mostly
toroidal (Funiciello et al., 2004, 2006; Kincaid and Griffiths, 2003;
Morra and Regenauer-Lieb, 2006; Schellart, 2004; Stegman et al.,
2006). However, the exposed geological analog of the Talkeetna
arc, Alaska, shows the occurrence of trench-parallel flow in
exhumed mantle wedge rocks, indicated by seismic polarization
on horizontal planes (Mehl et al., 2003). Furthermore, isotope
geochemistry, seismic velocity anisotropy and attenuation sug-
gest that the flow direction is arc-parallel in the mantle wedge
beneath Costa Rica and Nicaragua (Hoernle et al., 2008).

Analytical solutions indicate that lateral gradients in slab
properties such as subduction velocity and dip induce similar
gradients in pressure (Turcotte and Schubert, 1982), under which
the mantle flow may acquire a trench-parallel component (Hall
et al., 2000; Kneller and van Keken, 2007). Models of subduction
that include realistic slab morphologies, velocity and slab dip
variations along the trench (Honda and Yoshida, 2005; Kneller
and van Keken, 2007; Morishige and Honda, 2011; Natarov and
Conrad, 2012) show some complex patterns of flow, although no
trench-parallel and toroidal flow that may reproduce the obser-
vations (Hoernle et al., 2008; Rychert et al., 2008) has been
found yet.

Observables of subduction velocities and dips at convergent
margins show that along-trench variations are common features
of subducting slabs (Lallemand et al., 2005), thus suggesting that
this mechanism might be of general relevance. In models of
buoyancy-driven subduction, variations of subduction rates and
dips are firstly related to the balance between the slabs own
buoyancy force and plate stiffness and mantle wedge suction
(Capitanio and Morra, 2012; Capitanio et al., 2007; Rodrı́gues-
González et al., 2012). Similar buoyancy variations in the sub-
ducting lithosphere are primarily due to the age-dependent
thickening of plates, so that the observed variations of oceanic
plate age along trenches (Müller et al., 2008) must correspond to
similar variations in thickness. If so, these should have a role on
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the distribution of driving buoyancy force along trenches on
Earth, and likely contribute to the organization of circulation
patterns at depth.

Here, we use buoyancy-driven subduction modeling to test
this mechanism in a subduction system. This approach allows
modeling subduction velocities, trench motions, slab dips and
mantle flow as emerging self-consistent features of the force
balance between slab buoyancy, mantle drag and upper plates
resistance (Capitanio et al., 2010b, 2011). Rather than focusing on
the role of single parameters, we draw implications for the large-
scale dynamics of the coupled lithosphere-mantle system. By
modeling heterogeneous buoyancy along the width of subducting
slabs, we introduce trench-parallel gradients in subduction rates,
trench migrations and dips along the trench and test their impact
on flow patterns. In these models, slab pull variations induce
sinking rates and pressure lateral gradients introducing a lateral
component of the mantle velocity field, perturbing the convective
pattern driven by down-going slab. The lateral flow component
induces large trench-parallel simple shear strain in a layer at 100–
350 km depth, beneath the slabs. Where the trench-ward flow
component vanishes, trench-parallel flow occurs, and mass can be
transported over large distances around wide slabs. Slabs in the
mantle and non-Newtonian mantle flow rearrange readily to
minor buoyancy perturbation, although this might not impact
plate and trench motions at surface.

2. Modeling strategy, method and setup

Aim of modeling in this work is to test the effect of oceanic
plates’ buoyancy variation on subduction. The buoyancy of the
plate is determined by the density contrast with the mantle
integrated over its volume (times gravity). The temperature-
dependent density of mantle forming minerals has a primary
control on the buoyancy of oceanic lithospheres, modulating the
vertical density distribution as well as the thickness of the
thermal boundary layer. A detailed analysis of lithospheric mantle
density integrated over h¼�105 km yields average density con-
trast of Dr¼ 54:3 kg m�3 for a 50 Myr oceanic plate, varying to
28.7 kg m�3 for 25 Myr and 63.4 kg m�3 for oceanic lithospheres
of 90 Myr (Afonso et al., 2007). However, the average density
contrast is more likely constant on Earth, �40 kg m�3 (Afonso
et al., 2007), whereas the buoyancy varies with the age-depen-
dent thickness of the plate, which scales as h¼ 2:32ðktÞ1=2, where
k is the thermal diffusivity (Turcotte and Schubert, 1982). For
plates of 25, 50, 90 Myr this yields thickness of 65, 92 and 123 km,
respectively. Variations of subducting oceanic lithosphere age
along the trench are commonly observed (Müller et al., 2008)
varying over distances of O(103 km) (Sdrolias and Müller, 2006),
resulting in similar variation of thickness in the subducting slabs.
Additionally to this first order buoyancy heterogeneity, oceanic
lithospheres host extinct ridges or oceanic plateaux, where litho-
sphere is locally depleted. Although the integrated buoyancy
could vary only by a few percent (Afonso et al., 2007) these can
be wide enough to affect the sudbuction, as the Ogasawara
Plateau (Miller et al., 2006). Another source of buoyancy hetero-
geneity during subduction is provided by the entrainment of
continental lithosphere segments or blocks. The density and
thickness of continental lithosphere vary largely from those of
mature oceanic plates, impacting subduction dynamics (Capitanio
et al., 2010a). In the subduction models presented here, we use
the integrated buoyancy of the plate as a free parameter and
discuss later the implications for Earth.

Subduction is modeled as the viscous flow of an infinite
Prandtl number fluid at very low Reynolds number in a three-
dimensional Cartesian geometry. The flow caused by internal

buoyancy is described by the mass and momentum conservation
equations:

r�v¼ 0 ð1Þ

rp�r�s¼Drg ð2Þ

where p is the pressure, r the density, g the gravity vector, v the
velocity and t is the deviatoric stress tensor:

tij ¼ Z
@vi

@xj
þ
@vj

@xi

� �
¼ 2Z_eij, ð3Þ

where Z is the dynamic viscosity and _e is the strain rate tensor.
These equations are solved in their non-dimensionalized form
with Underworld, a Lagrangian integration point finite element
method, in a 3D Eulerian grid (Moresi et al., 2003). The details of
the numerical method, software implementation and relevant
numerical benchmarks are described in Moresi et al. (2003) and
Stegman et al. (2006). The numerical resolution of the models is
96�96�64, in the x, y, z directions respectively.

The model space is a 3D Cartesian box, 4000 km long, 8000 km
wide and 1000 km deep, and is derived from Capitanio et al.
(2011). The boundary conditions are periodic on the front and
rear walls (x¼0, 4000 km), free-slip on top and sidewalls, no-slip
on the bottom and a symmetry plane in y¼0 (Supplementary
Fig. 1). For the symmetry adopted only half model space is
modeled, i.e. y [0, 4000 km]. We neglect the role of the Earth’s
sphericity since it has a negligible role on the subduction
dynamics (Morra et al., 2006), and does not affect the pressure
gradients addressed. The subducting lithosphere is 6000 km wide
and is a Newtonian body, with a strong, 1023 Pa s, 70 km thick top
layer, and a 1021 Pa s, 30 km thick bottom layer, with an addi-
tional Byerlee’s plasticity law in the top 30 km:

tY ¼ t0þmp, ð4Þ

where t0¼35 MPa is the cohesion, m¼0.01 the friction coefficient,
in agreement with commonly used values (Krien and Fleitout,
2008; Sobolev and Babeyko, 2005). The subducting plate-mantle
density contrast chosen is Dr¼53 kg m�3

, compatible with rea-
listic buoyancy estimates (Afonso et al., 2007). The model’s upper
plate has no density contrast with the mantle, a thickness of
40 km and Newtonian viscosity of 1024 Pa s, reducing the trench
curvature to a minimum (Supplementary Table 1). An incipient
slab, extending to 150 km depth initiates subduction, after which
it is self-sustaining.

The upper mantle viscosity is

ZM ¼ Z0

_eII

_eII0

� �1�n=n

, ð5Þ

where _eII ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
_eij _eij=2

p
is the second invariant of the strain rate

tensor, and _eII0
the reference strain rate. Every model has been run

with values of n¼1 and Z0¼2�1020 Pa s, i.e. Newtonian mantle,
and n¼3.5 and Z0¼2�1018 Pa s, i.e. non-Newtonian mantle
(Suppl. Table 1). A linear viscosity of 1021 Pa s is imposed below
660 km depth, and a density increase of 50 kg m�3 (Suppl. Fig. 2).

The models run to steady state subduction of a reference
model with constant buoyancy slab and Newtonian mantle (that
is more computationally efficient), then the model is perturbed.
The models enter a steady state after the slab has reached the
transition zone, i.e. 660 km have been subducted, and lasts
throughout the final stages of the subduction, until the unsub-
ducted plate has reduced to �800 km. Slab and mantle velocities
and slab morphology are constant throughout the steady state.

The distribution of plate buoyancy along the trench direction
is the free parameter in our models. We have modeled it testing
three different buoyancy perturbations, that is varying the thick-
ness throughout the slab length l (Suppl. Fig. 1, Suppl. Table 1,

F.A. Capitanio, M. Faccenda / Earth and Planetary Science Letters 353–354 (2012) 29–3730



Author's personal copy

Models 1–11), varying the density contrast (Mods. 12–19) and
varying the thickness of a smaller length m (Mods. 20–21).

The thickness is varied by changing the rheology of the plates
lowermost 30 km to that of the mantle. The rheology is changed
in the outer portion of the slab width, and is viscous (i.e.,
Newtonian), 100 km thick in the center of the slab of width d

(Suppl. Fig. 1), modeled values of d are 100, 500, 200 km. In a
second setup we tested the role of a smaller length of plate of
varying thickness m to model self consistently the entrainment
of buoyancy heterogeneities. Finally, we tested the variation of
buoyancy keeping the thickness constant along the slab and
changing the density contrast (Suppl. Table 1). All models are
run with both a Newtonian and a non-Newtonian mantle.

After the perturbation the models run until the lithosphere is
entirely subducted. The measurement used for comparisons are
conducted 2–3 Myr after the slab is perturbed, this is the time
required to rearrange the flow.

Measured quantities are the pressure, where in the remainder
of this paper we refer to the dynamic (i.e. non-hydrostatic)
pressure, velocity and shear stress. To characterize the flow we
measure the vorticity, i.e. the curl of the velocity:

o¼r � v ð6Þ

Finally, we measure the dissipation partitioning and provide
an estimate of the dissipation in the lithosphere over the total:

FL ¼

R
Ltij _eijdVR
tij _eijdV

, ð7Þ

where L is the lithosphere volume. The lithospheric dissipation is
integrated in the volume of the plate where the viscosity has not

been decreased by plasticity, that is the shear zone at the trench is
not considered part of the subducting plate.

3. Results

3.1. The effect of buoyancy variations

We first compare the model where the buoyancy is constant
along the slab with the varying buoyancy model, with
d¼2000 km (Fig. 1, Suppl. Table 1, Mods. 8 and 11). Large
buoyancy in the subducting plate center drives faster subduction
locally (Fig. 1A and D). The slab accommodates the differential
motions at depth through internal deformation. Yet, the differ-
ences in trench motions are negligible in these models, and
trenches remain straight due to the high viscosity of the upper
plate. The trench-ward velocity component, vx, measured at the
models’ surface, z¼0, and y¼1000 km, differs due to the average
buoyancy increase, 4 and 6 cm yr�1 in constant and perturbed
buoyancy models, respectively. However the flow pattern is in
general very similar (Fig. 1B and E), forming a convective cell
sustained by the downgoing slabs and a vigorous return flow. The
component of the velocity vy that is perpendicular to the cross-
section plane xz is negligible when the slab model has a constant
buoyancy (Fig. 1C), instead it is larger in the models where slab
buoyancy varies laterally (Fig. 1F). In this model a broad area
beneath the slab extending for �400 km from the slab where the
velocity vy is between 1 and 3 cm yr�1.

The viscosity profile beneath the subducting plate (Suppl.
Fig. S2A) is very similar for both models, reaching �7�1019 Pa s
in the asthenosphere, beneath the plate and slightly increasing to

Fig. 1. Homogeneous vs. heterogeneous models with non-Newtonian mantle. Constant thickness Mod. 8 (A, B, C) and variable thickness Mod. 11 (D, E, F) models at the

steady-state, contour of the density field with velocity magnitude in color. Black line on top, trace of the upper plate. Thick purple line in D the location of the thickness

boundary. In yellow (A, D) the trace of the cross sections. Sections are taken at y¼980 km. (B, E) Horizontal velocity component magnitude, vx, and velocity vectors. (C, F)

Velocity component perpendicular to the section plane, vy. Density contour in black line. Star symbol in E, F location of symbol in Fig. 2. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of this article.)

F.A. Capitanio, M. Faccenda / Earth and Planetary Science Letters 353–354 (2012) 29–37 31
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mid-mantle depth, and decreasing at the bottom of the upper
mantle at �660 km depth. The component vy in the cross-section
plane is negligible when slab buoyancy is constant and it is as
high as 2–3 cm yr�1 when slab buoyancy varies along this
direction. In a vertical profile of the normalized velocity (Fig. 2)
we show the component vy is around a third of the vx component
in heterogeneous buoyancy models throughout the upper mantle
thickness, and is negligible in the constant buoyancy models.
Largest vy are found between 300 and 550 km depth, although the
whole upper mantle flow is characterized by a lateral velocity
component.

A depth at which the component vx is zero is found at
�200 km. In this �30 km thick layer, although the flow velocity
is low, the trench-parallel flow is dominant (Fig. 2). The location

of this point (Fig. 1E and F, star symbol) coincides with the
location where flow sheared by the plate reverts to the return
flow found deeper, and velocity in this plane is zero, i.e. no
horizontal or vertical motions. Yet, the lateral component is non-
zero, so that the lateral transport in this layer is maximized. In the
plane at this depth pressures of �2 MPa occur beneath the
homogeneous slab, decreasing only at �1000 km from the slab
edge (Fig. 3A). Above the slab, in the mantle wedge, a broad low
pressure extends all along the slab, where pressure is��9 MPa.
The flow beneath the slab follows the pressure field, thus
circulation is mostly perpendicular to the trench, except near
the slab edge, where toroidal flow develops. The along-trench
velocity, vy, is almost negligible around the slabs center, and is
only large close to slab edges, when it has constant thickness. The
path of particles immersed in the velocity field in this plane
(Fig. 3B) shows that the mass exchange between the mantle
wedge and below the slab is limited to �1000 km from the slab
edge, whereas particles beneath the slab follow the trench-
perpendicular path. Instead, in the model that includes plate’s
buoyancy heterogeneity, the flow is more complex and has a
stronger trench-parallel component (Fig. 3C). The thicker, more
negatively buoyant slab segment induces larger subduction velo-
city locally and a strong pressure gradient along the slab. When
slab thickness varies along the slab, the trench-parallel velocity vy

component is largest around the thickness variation (Fig. 3D). The
dynamic pressure gradient above the slab is larger, and results in
faster flow towards the center of the slab. The path of the particles
immersed in this flow shows that mass from beneath the center
of the slab can be transported along the trench-parallel direction
to the slab edge, and from there is entrained in the mantle wedge
and reach as far as the center of the 6000 km wide slab. In models
where the slab has constant thickness, the vorticity is large only
around the slab edge (Suppl. Fig. S3A). Instead, when the slab

Fig. 2. Normalized velocity vertical profiles from the two models in Fig. 1.

Location of the section is indicated in Fig. 1B by the star. Dashed lines, model in

Fig. 1A (Constant thickness slab), solid lines model in Fig. 1D (Variable

thickness slab).

Fig. 3. Detail of the horizontal (half) section through the models in Fig. 1. Depth of the sections is �200 km, indicated by star symbol in Fig. 2. Density contour in black line.

Dynamic pressure and velocity vectors of constant (homogeneous, A) and variable thickness (heterogeneous) models (C) with non-Newtonian mantle rheology. Velocity

arrows are not scaled. Lateral velocity vy and streak lines of particles indicated by small circle symbols.

F.A. Capitanio, M. Faccenda / Earth and Planetary Science Letters 353–354 (2012) 29–3732
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buoyancy varies laterally, the magnitude of the vorticity is larger
overall, since it is large around the internally deforming slab
(Suppl. Fig. S3B).

To better characterize the deformation in these models, we
have calculated the ratio:

r ¼
@vy

@x
þ
@vy

@z

� �
=
@vx

@y
þ
@vx

@z

� �
ð8Þ

indicating the ratio between the components of the velocity
gradient defining simple shear in the y direction over that in
the x direction. For the straight morphology of the slab model we
refer to the ratio of trench-parallel to trench-perpendicular
simple shear. Simple shear in constant slab buoyancy models is
negligible around subducting plates (Fig. 4A), it only increases
around the slab edges. This results in very low values of r. Instead,
in slabs of variable thickness values of r �1 are widespread in the
whole modeled upper mantle domain, indicating that (1) the
components of the simple shear are comparable, and (2) this is a
general characteristic of the flow. In this model, values of r are
larger beneath the slab between 100 and �350 km depth
(Fig. 4B), in an area �200 km wide, found beneath the trench in
our models. In this area trench-parallel simple shear is max-
imized, and in average r42, reaching values of �8–9 closer to the
slab, so the trench-parallel simple shear is up to 8–9 times larger
than the trench-perpendicular component. Large values of r are
found beneath the upper plates in these models, however, this is
possibly the result of the very high viscosity in the topmost layers,
resulting in steep unrealistic velocity gradients.

3.2. Sensitivity of mantle flow to buoyancy perturbations

In Fig. 5 we summarize the results of the models 8 to 11, where
we have varied the thicker segment width, d. Measures are taken
from a plane beneath the slabs, at 450 km depth, where the flow
velocity is maximized. The dynamic pressures measured vary from
1.9 MPa in the center of constant thickness slab to 3.8 MPa beneath
the model with d¼2000 km. For d smaller than 2000 km, the
maximum pressure decreases, despite the buoyancy in this area
being the same. Gradients across the thickness variation are smooth
compared to the step-like buoyancy change. The subduction velocity

measured at depth, vsub (the magnitude of the flow velocity, outside
the slab) varies along the width of the slab, with the maximum
achieved in the center, where the buoyancy is increased. Here,
velocity ranges from 5 to �12.5 cm yr�1, from constant to varying
buoyancy slabs with d¼2000 km. Similar to pressure gradients,
velocity varies smoothly along the slab. Although the subduction
velocity in these models depends in the first place on the slab
buoyancy (Capitanio et al., 2007), the velocity gradients along the
slab depend also on their stiffness, when their viscosity is finite. The
stiffness controls the propagation length of the buoyancy perturba-
tion through the wavelength L¼ 2phðg=6Þ1=3 (Turcotte and Schubert,
1982), where g is the lithosphere/mantle viscosity contrast and h the
thickness of the lithosphere. In our models g�104 in the h�30 km
thick lithospheric core, yielding L�2200 km, and L/2 is the distance
from the step in thickness where differences between models become
small (Suppl. Fig. S4A). Although simplified, this explains why only
models where buoyancy anomaly is d�L achieve a full subduction
velocity, whereas it is lower in models with d5L, despite their
buoyancy in the center being the same. Because the torque in the
mantle is applied on the plane containing the slab thickness h, slabs
accommodate sinking rate gradients, bending, readjusting dip or
migrating, resisted by a force ph. Instead, at plate margins the
torque, resulting from slab pull gradients applied on plane to the
plates’ width, has a larger resistance to deformation. This explains
why gradients in models’ surface velocity are small (Fig. 5B, thin
lines).

Trench-parallel velocity of the mantle beneath the slabs is
negligible when models’ buoyancy is constant, and increases with
increasing d, reaching the same velocity of the toroidal flow
around the edges in models with d¼2000 km (Fig. 5C). We
explain it as the result of the subduction velocity gradients. The
pressure p beneath a slab of velocity vsub is (Stevenson and
Turner, 1977), that is the Couette flow:

p¼
2aZnsub

r
, ð9Þ

where a¼sin a/[(p�a)þsin a] with a being the slab dip and Z is
the fluid mantle viscosity and r is the downward distance along
the slab. Assuming that (1) the dip angle and, (2) the viscosity
variations along the slab are negligible, i.e. @a/@y¼0 and @Z/@y¼0,

Fig. 4. Ratio r, Eq. (8), of trench-parallel to trench-perpendicular simple shear in constant (A) and variable thickness (B) models with non-Newtonian mantle (Fig. 1). The

cross section are taken at y¼1080 km.

F.A. Capitanio, M. Faccenda / Earth and Planetary Science Letters 353–354 (2012) 29–37 33
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and (3) we use (9) which is for an infinitely wide plate, the
pressure gradient in the direction y, perpendicular to the plane xz,
that is

@p

@y
¼

@p

@vsub

@vsub

@y
¼

2aZ
r

@vsub

@y
ð10Þ

The pressure gradient @p/@y induces a flow of maximum
velocity vy, i.e. the Poiseuille flow, in an incompressible fluid of
viscosity Z in a channel of height H this is (Turcotte and Schubert,
1982):

ny ¼�
H2

8Z
@p

@y
ð11Þ

where we consider the velocity vy¼0 at the slab surface. Sub-
stituting (10) in (11):

vy ¼�
aH2

4r

@vsub

@y
¼ b

@vsub

@y
, ð12Þ

showing that mantle flow component vy develops as a result of
gradients in the subduction velocity. The lateral component of the
velocity is independent of the fluid viscosity (Hall et al., 2000).
Taking r¼(450�h)/sin a¼372 km, where a¼701 is the average
dipping angle and H¼560 km is the subslab upper mantle, Eq.
(12) recovers comparable trench-parallel velocities beneath the
slab (Fig. 5C, dotted lines), introducing a fitting constant c¼2b,
despite the simplification assumed. This offers a rule of thumb to

understand the lateral flow component from the gradients of
subduction velocities at depth.

While this analysis holds for Newtonian mantle models as
well, where the characteristics of the flow are the same, introdu-
cing non-linearity in the mantle rheology affects the gradients of
strain patterns, i.e. strain rates. In the models, simple shear
accommodates the differential motions between the slab, where
vy�0, and the flow of largest vy, at �300 km from the slab in the
plane of the section. To illustrate this, we show the scaling of
simple shear strain rates _exy beneath the slab with the magnitude
of the velocity vy (Suppl. Fig. S4B).

The dissipation partitioning in these models is similar, increas-
ing from FL ¼ 1175%, in the constant buoyancy model, to
FL ¼ 1774% in the model with d¼2000 km. This shows that
the mantle drag force is very weakly dependent of the circulation
pattern.

4. Discussion

4.1. Comparison with previous studies and implications

Many studies have addressed the mantle flow associated with
subduction presenting two- and three-dimensional numerical
and laboratory models. While a review of these is not the aim
of this paper, we will focus here on the new perspective our
approach introduces.

Global models of subduction and mantle convection have
explained the pattern of plate motions, mantle flow and its
alignment with seismic anisotropy (Becker et al., 2003; Conrad
et al., 2007; Natarov and Conrad, 2012). These models derive the
large-scale buoyancy distribution of the mantle from tomographic
models, which account appropriately for the first-order dynamics.
However, these models do not capture the smaller scale complex-
ities of the flow around subduction zones.

Thus so far, only models where a realistic morphology of the
subduction zone has been considered can explain the complex-
ities of the flow in the mantle wedge (Billen et al., 2003; Jadamec
and Billen, 2010; Kneller and van Keken, 2007) or as a global
feature (Natarov and Conrad, 2012). While they illustrate accu-
rately the role of local complications in the mantle flow, making
inferences on a general flow mechanism from this approach
remains difficult.

The approach to buoyancy-driven subduction allows modeling
several of these relevant aspects at a glance, offering insight into
the fundamental mechanisms that relate motions and deforma-
tions in the mantle and plate. Variable buoyancy of plates result
in a range of subduction parameters including sinking velocity,
slab dip and radius, which are interdependent (Capitanio and
Morra, 2012; Capitanio et al., 2007). In a realistic three-dimen-
sional setting, where these heterogeneities are present the result-
ing velocity and dip variations confer morphologies similar to the
observed as well as realistic continental tectonics (Capitanio et al.,
2011). Here we have shown that these heterogeneities also
account for complex mantle flow around slabs.

Other subduction zone regional features have the power to
modify the subduction parameters, such as the friction at the
plate margins (Iaffaldano et al., 2012) or the suction of upper
plates (Rodrı́gues-González et al., 2012). However, these effects
act at shallow depths and cannot alter the overall sinking
dynamics (Capitanio and Morra, 2012; Capitanio et al., 2010b;
Dvorkin et al., 1993).

Along-trench buoyancy variations are required to explain
complex slab morphologies (Capitanio et al., 2011) and flow
around slabs, but also might potentially reduce the misfit
between predicted and observed global plate motions. In fact,

Fig. 5. Comparisons of models with thickness variation along the slab width with

non-Newtonian mantle rheology. Constant thickness model mod. 8 black lines,

mod. 9 in red, mod. 10 in green and mod. 11 in light blue. Depth of section

indicated by star symbol in Fig. 2. (A) Pressure distribution in the subslab and

thickness variation along the slab width. (B) Subduction velocity in the slab (thick

lines) and velocity at the surface vsp (thin lines). (C) Lateral velocity component vy

(solid lines) increases with d and recovered velocity (dotted lines). (For inter-

pretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)
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the overall mantle flow in our models is very similar to the 2D
flow usually reproduced by subduction models (e.g. Garfunkel
et al., 1986), where a convecting cell follows the downgoing
motions of the slabs. This is because the buoyancy perturbations
introduced are small enough that the fundamental dynamics is
not changed. Global models of plate motions in fact allow small
corrections to the global plate motions circuit, which have a
rather regional character (Kreemer, 2009; Stadler et al., 2010).
Although varying rheology might act to decouple plate motions
and slabs (Jadamec and Billen, 2010) to improve the fit between
observed and predicted motions (Stadler et al., 2010), these still
have a ‘‘regional’’ extension. Here, we suggest that the fit in plate
motions might be improved by considering the buoyancy struc-
ture of subducted slabs, rather than assuming constant thick-
nesses. This introduces realistic driving force gradients, and
possibly local variation to resisting forces could be less relevant.

4.2. Subduction motions, mantle flow and seismic anisotropy

Our modeling results indicate that the structure of the non-
Newtonian mantle flow is very sensitive to the slab buoyancy
configuration, developing lateral flow rapidly. Yet, the relation
between mantle flow and surface plate motions is non-unique.
When stiff upper plates override subducting plates, the relative
motions of the slab are hampered, as seen here. Furthermore,
coupling gradients along the shear zone between plates might
also result in forced trench and slab motions at depth (Capitanio
et al., 2011; Iaffaldano et al., 2012). Here, we have shown that in
both cases the mantle flow at depth responds only to the buoy-
ancy structure of the slab at depth. This can be understood by
considering that the buoyancy structure confers slab pull gradi-
ents, which can be accommodated within slabs by internal
deformations, thus stresses are not propagated to the trench. This
is the opposite case in models treating the slabs as infinitely rigid
(Buttles and Olson, 1998; Hall et al., 2000), where the slab
motions at depth are strongly coupled with the plate and trench
motions at surface. Internal slab deformation as in the models
presented here is compatible with the complex morphology of the
slabs seen in the tomographic images (Grand et al., 1997), and
offers a viable process to decouple the surface plate motions with
the mantle flow, found by similar models (Becker et al., 2003;
Jadamec and Billen, 2010).

Complex mantle flow may have consequences for the inter-
pretation of seismic anisotropy observed at subduction zones.
Here, the fast SKS component generally orients parallel to the
trench, which is explained by trench-parallel mantle circulation
around subducting plates (Long and Silver, 2008; Russo and
Silver, 1994). In our models with lateral slab density variations
the flow is effectively trench-parallel in just a 30 km thick layer
implying that, assuming a sub-parallel lattice preferred orienta-
tion (LPO) as it is done routinely by seismologists, it would not
produce substantial time delays (�0.3 s for 5% anisotropic peri-
dotite). However, because anisotropic mantle minerals align
preferentially with the maximum stretching directions that coin-
cides with the flow direction only during simple shear deforma-
tion (Kaminski and Ribe, 2002), the simple relation between LPO
orientation and flow direction is not always warranted, even in
the 30 km thick mantle layer with trench-parallel flow. Moreover,
in general it is difficult to predict the LPO development in the
subslab mantle where deformation is a mixture of different shear
and normal strain rate components. In order to make more robust
inferences on the resulting seismic anisotropy, an accurate
investigation that accounts for the whole deformational history
of the mantle is required (Faccenda and Capitanio, 2012).

Nevertheless, the fact that deformation occurs beneath mod-
eled subducting slabs at a depth range of �100–350 km by

simple shear rather than pure shear allows speculations on the
LPO development. Under conditions of trench-perpendicular vy

gradients (vy,x and vy,z) larger than trench-parallel vx gradients
(vx,y and vx,z), the LPO tends to be aligned with the trench. If the
opposite occurs the anisotropy should align perpendicular to the
trench. In our models with lateral slab buoyancy variations vy

gradients are in general comparable to/larger than vx, so that the
resulting strain ellipsoid should be strongly aligned sub-parallel
to the trench. Therefore, model results support a rather general
lateral flow component that might increase the trench-parallel
anisotropy component at the expense of the trench-perpendicular
component. Furthermore, thermal and mechanical (grains-size
dependent) rheological weakening feedbacks not considered here
act to decrease the coupling between the slab and subslab mantle
(Long and Silver, 2009), i.e. the asthenosphere, thus reducing
trench-perpendicular flow in the entrained mantle and associated
anisotropy.

Faccenda and Capitanio (2012) showed that trench-parallel
anisotropy develops beneath relatively narrow plates by pure
shear deformation and simultaneous toroidal flow when retreat
motions are maximized. In these cases, lateral pressure gradients
together with efficient subslab mantle decoupling from the over-
lying slab may then add to the background toroidal motions
yielding trench-parallel LPO orientation consistent with the
observed anisotropy patterns.

4.3. Implications for natural subduction zones

We have modeled the slabs negative buoyancy gradients,
mimicking similar thickness variations due to lithospheric age
variations at trenches. The validity of our outcomes can be
extended to other types of integrated buoyancy heterogeneities,
whether endogenous to the plates or exogenous.

In the subducting Nazca plate, present-day age at the trench
varies from 0, in the north and south plate divergent margins, to
�55 Ma in the center, thus varying from 0 to �90 km thickness.
The resulting Stokes velocity is thus expected to vary accordingly,
eventually driving slab deformation and upper plate tectonics
(Capitanio et al., 2011). All major subduction zones present
similar oceanic lithospheric age-gradients (Sdrolias and Müller,
2006).

Other subducting plate characteristics that have an impact on
the slab buoyancy are the nature of the lithopshere, whether
oceanic or continental, as well as the depth of subduction,
modulating the integrated slab pull. As an example, in the Tonga
subduction zone a mature oceanic plate is subducting along the
�2000 km trench. Although no thickness variation can be
invoked for this plate older than 80 Ma, towards the south
continental lithosphere is subducting in the Kermadec zone
(Sdrolias and Müller, 2006). The buoyancy gradients here might
be increased by the depth of subduction, reaching the lower
mantle beneath the Tonga but not deeper than 300 km beneath
Kermadec (Fischer et al., 1991; Lallemand et al., 2005). In this
subduction zone, convergence velocity decreases largely from
Tonga to Kermadec, from 12 to less than 1 cm yr�1. Although
speculative, large trench-parallel velocity gradients together with
first order toroidal flow due to the maximized retreat motions
(Faccenda and Capitanio, 2012) could explain the trench-parallel
subslab seismic anisotropy measured (Long and Silver, 2008).

Typical features such as slab windows and detachments, but
also volcanic ridges, might confer slab pull gradients similar to
those idealized here, provided they are large enough to alter the
slab pull. We have shown that due to the stiffness of slabs, small
size buoyancy perturbations might not effectively alter the slab
velocity. This is compatible with the global plate motions compila-
tions, where small ridges do not apparently alter the convergence
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motions along trenches (DeMets et al., 1990, 2010). Yet, the
simplified analysis in a previous section allows inferring that the
effect of smaller perturbations should be more evident on smaller
and/or younger plates. While in small plates the perturbations
have a larger contribution on the average buoyancy, young and
thin plates have smaller rigidity, so that perturbation should be
more effective in small and young over old and large oceanic
plates, resulting in larger deformation in young subducting slabs.

5. Conclusions

Buoyancy heterogeneities in slabs on Earth are primarily a
consequence of age-dependent thickness variations along
trenches. Three-dimensional numerical models of subduction
show that the mantle flow during subduction of heterogeneous
plates, along-trench variations of pull forces and sinking rates,
trigger mantle flow sub-parallel to the slab. For Earth-like slabs
stiffness the trench-parallel component becomes significant only
when heterogeneities are wider than �1000 km, or less in young
subducting oceanic lithospheres. The lateral flow component does
not largely alter the convection pattern around the slab, however,
we found that (1) it introduces large trench-parallel simple shear
at depths of �100–350 km and (2) at a depth of �200 km trench-
parallel flow occurs. In the narrow layer of trench-parallel flow
material can be transported over large distance around very wide
slabs. Slabs internal deformation decouples the mantle flow from
motions at surface, such that on Earth trench and slab motions
might not always correspond. Therefore, we propose that hetero-
geneous subducting lithosphere buoyancy structures are required
to explain slabs’ convoluted morphologies, second-order plate
motions and complex mantle circulation. Thickness variations, as
well as slab break offs and windows, variable depth of subduction
and continental block entrainment are commonly found along
subduction zones. Because these all introduce similar buoyancy
heterogeneities along the trenches, complexities as those shown
here should have a global presence.
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