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Small-scale convection in the upper mantle can appreciably inﬂuence large-scale mantle dynamics and
has important implications for geophysical observables such as seismic anisotropy and surface heat
ﬂow. We develop numerical models to evaluate the likelihood of small-scale convection in the mantle
wedge above subducting slabs. The characteristics of small-scale convection are analyzed using the 3-D
single-mode approximation, in which one characteristic wavenumber represents small-scale convective motions with rotational axes parallel to the convergence direction. Numerical simulations are run
for a range of characteristic wavenumbers, Rayleigh numbers, and subduction parameters (e.g., slab dip
angle, convergence velocity, and downgoing plate age). For each simulation, we quantify the excitation
due to small-scale convection and determine under what conditions and characteristic wavenumbers
this excitation is maximized. We ﬁnd that of the parameters examined, mantle wedge viscosity plays
the most signiﬁcant role in dictating the occurrence and strength of small-scale convective motions in
the mantle wedge. Numerical models run with subduction parameters similar to that of northeast
Japan, where it has been proposed that small-scale convection may be occurring in the mantle wedge,
require a mantle wedge viscosity of  1018 Pa s for signiﬁcant small-scale convection to occur.
& 2012 Published by Elsevier B.V.
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1. Introduction
Heat ﬂux through the lithosphere allows the asthenospheric
mantle to partially cool, resulting in a gravitationally unstable
thermal boundary layer. When the local Rayleigh number within
the thermal boundary layer exceeds the critical Rayleigh number,
convection will occur (e.g., Howard, 1966). This small-scale convection takes place on a signiﬁcantly smaller length scale (i.e.,
hundreds of kilometers; Richter and Parsons, 1975) than global
mantle circulation, yet it can still have important implications for
geophysical observables.
The idea that mantle convection may occur on two different
length scales was ﬁrst proposed by Richter (1973) (also see
Richter and Parsons, 1975). It can be shown analytically that in
the presence of shearing, such as beneath oceanic lithosphere,
small-scale convection in the form of transverse rolls (rotational
motion parallel to shearing) are unstable. However, longitudinal
rolls (circulation perpendicular to shearing) remain stable and are
a viable mechanism for vertical heat transport (Richter, 1973).
Small-scale convection beneath oceanic lithosphere has been
studied repeatedly in the past (e.g., Fleitout and Yuen, 1984; Buck
and Parmentier, 1986; Davies, 1988; Davaille and Jaupart, 1994;
Dumoulin et al., 2001; Korenaga and Jordan, 2003; Huang et al.,
2003), but much less attention has been paid to small-scale convection in a subduction zone setting. Previous studies have examined the

role of small-scale gravitational instabilities in producing high heat
ﬂux values and thinning the overriding lithosphere in subduction
zone backarcs (e.g., Currie et al., 2004, 2008; Arcay et al., 2005, 2006).
In addition, there has been a focus on small-scale convection in the
mantle wedge beneath northeast Japan (e.g., Honda et al., 2002;
Honda and Saito, 2003; Honda and Yoshida, 2005; Honda, 2011),
where it has been proposed that small-scale convection may explain
the correlation between the clustering of Quaternary volcanoes, low
velocity regions in the mantle wedge, and negative Bouguer gravity
anomalies (commonly referred to as ‘‘hot ﬁngers’’; Tamura et al.,
2002). The goal of this work is to present a more general, systematic
study of small-scale convection in the mantle wedge, which is
currently missing from the literature. The results of our numerical
simulations will allow us to predict the likelihood of small-scale
convection in the mantle wedge as a function of several variables
(e.g., slab dip angle, convergence velocity, downgoing plate age, and
mantle wedge viscosity), therefore, enabling us to draw conclusions
regarding the occurrence of small-scale convection in subduction
zones. Our model set up is intentionally simple, as a good understanding of a simple geodynamical system allows us to draw generalized conclusions about more realistic situations.

2. Methodology
2.1. Numerical formulation

n
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Since small-scale convective motions align perpendicular to
larger-scale ﬂow, a numerical approach to this problem requires
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study in three dimensions. To accomplish this while at the same
time exploring a range of model parameters, we choose to apply
a 3-D single-mode approximation to our convective problem.
The model geometry is such that the ﬂuid is bounded in one
horizontal (x) and vertical (z) coordinate, and inﬁnite in the other
horizontal coordinate (y), which we hereafter refer to as the outof-plane coordinate. One characteristic wavenumber is chosen to
represent out-of-plane excitation that results from small-scale
convective motions with rotational axes parallel to the convergence direction. This is an efﬁcient way of evaluating the effect of
an increased degree of freedom on domain-wide observables
without computing a fully 3-D solution, and is reminiscent of
the once popular mean-ﬁeld approximation (e.g., Malkus, 1954;
Herring, 1963). One must be careful not to overinterpret results
using the 3-D single mode approximation, as it has been shown to
slightly overestimate the Nusselt number and underpredict the
maximum vertical velocity (Korenaga and Jordan, 2001). Additionally, as the Rayleigh number increases to higher values, it has
been found that using one characteristic wavenumber to represent out-of-plane excitation exaggerates the two dimensionality
of the 3-D ﬂow ﬁeld. In other words, more of the system’s total
kinetic energy is partitioned into the basic-ﬁeld kinetic energy
than would be the case for a fully 3-D model. While the 3-D single
mode approximation is a crude estimate of the full 3-D solution,
we emphasize that it is a computationally efﬁcient tool for
evaluating the effect of three dimensions on certain geophysical
observables. A brief summary of the 3-D single-mode approximation is given here, but we refer the reader to Korenaga and Jordan
(2001) for a more complete description.
We begin with the non-dimensionalized conservation equations that govern convection:
Conservation of mass:

r  un ¼ 0

ð1Þ

Conservation of momentum:
T

rPn þ r  ½mn ðrun þ run ÞRaT n ez ¼ 0

ð2Þ

Conservation of energy:
@T n
2
þ un  rT n ¼ r T n
@t n
n

n

ð3Þ

where un , mn , P , T , and t represent dimensionless velocity,
viscosity, pressure, temperature, and time, respectively. ez is a
unit normal vector that is positive upwards and Ra is the Rayleigh
number, deﬁned as
Ra ¼

n

arg DTD3
km0

ð4Þ

where a is the thermal expansion coefﬁcient, r is the reference
density, g is the gravitational acceleration, D is the system depth,
k is the thermal diffusivity, and m0 is the reference viscosity.
Length and time are non-dimensionalized by the system depth
(D) and the diffusion timescale (D2 =k). Velocity is thus normalized by k=D. Temperature is normalized by DT ¼ 1300, the
difference between the surface temperature (Ts) and ambient
mantle temperature (Tm). Viscosity is normalized by the reference
viscosity (m0 ) at T ¼ T m , and pressure by m0 k=D2 . We deﬁne the
temperature, pressure, and velocity ﬁelds such that they are
composed of a 2-D mean-ﬁeld and a 3-D perturbation from it.
For example, for a characteristic wavenumber, c, and an out-ofplane coordinate, y
Tðx,y,zÞ ¼ Tðx,zÞ þ yðx,zÞ cosðcyÞ

ð5Þ

Pðx,y,zÞ ¼ Pðx,zÞ þ pðx,zÞ cosðcyÞ

ð6Þ

uðx,y,zÞ ¼ Uðx,zÞ þ u1 ðx,y,zÞ

ð7Þ

where
Uðx,zÞ ¼ ðUðx,zÞ,0,Wðx,zÞÞ

ð8Þ

and
u1 ðx,y,zÞ ¼ ðu1 ðx,zÞ cosðcyÞ,v1 ðx,zÞ sinðcyÞ,w1 ðx,zÞ cosðcyÞÞ

ð9Þ

Tðx,zÞ and Pðx,zÞ are the mean-ﬁeld temperature and pressure, and
yðx,zÞ and pðx,zÞ are the perturbation temperature and pressure,
respectively. Similarly, in the equations for velocity, uppercase
letters indicate mean-ﬁeld values deﬁned in 2-D and lowercase
letters indicate perturbation values deﬁned in 3-D. Eqs. (1)–(3)
can be rewritten with the basic-ﬁeld and perturbation velocities
completely decoupled in the equations of mass and momentum
conservation:
Conservation of mass:
@U @W
þ
¼0
@x
@z

ð10Þ

@u1
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þ cv1 þ
¼0
@x
@z

ð11Þ

Conservation of momentum:
2

rP þ r URaTez ¼ 0
2

rp cosðcyÞ þ r u1 Ra y cosðcyÞez ¼ 0
Conservation of energy:
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The basic-ﬁeld and perturbation velocities are completely
decoupled and can be solved for separately, using a 2-D Stokesﬂow solver and a 3-D single-mode Stokes-ﬂow solver, respectively. The basic-ﬁeld and perturbation temperature are coupled
in the energy conservation equations, but can be solved with a
2-D ﬁnite element method (Korenaga and Jordan, 2001). All
models include temperature dependent viscosity (e.g., Korenaga
and Jordan, 2002a) as dictated by the Arrhenius equation
!
En
En
mðT n Þ ¼ m0 exp n n 
ð16Þ
T þT off 1 þ T noff
where En is the dimensionless activation energy (En ¼ E=ðRDT)), R
is the universal gas constant, and T noff ¼ 273=DT. In the viscosity
formulation, we omit pressure and stress dependency due to the
considerable uncertainty in our understanding of olivine rheology
(e.g., Korenaga and Karato, 2008). This omission does not prevent
us from drawing generalized conclusions about more realistic
situations.
2.2. Model conﬁguration
A sketch of our model setup is shown in Fig. 1. For all models the
aspect ratio is 1.72, such that a subducting slab with a 301 dip angle
perfectly bisects the model box. The domain is discretized into
uniform quadrilateral elements of dimensionless size 0.02  0.02
(12  12 km). Models with a mesh resolution of 0.01  0.01 took
signiﬁcantly longer to run to completion and resulted in variations
of less than 10% for our diagnostic parameters. The depth of the
model box (D) is 600 km. A triangular region bounding the lower
right half of the model box, which includes the bottom and right
side boundaries, is designated as the subducting slab. The right side
of the model box corresponds to the subducting oceanic lithosphere,
and therefore its temperature is governed by the equation for
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Fig. 1. Sketch of the model setup showing temperature (red) and velocity (blue)
boundary conditions. Dark triangle bounding the lower right portion of the model
box represents the subducting slab, descending at a speciﬁed convergence
velocity, vc. vx and vz refer to the horizontal and vertical components of the
mantle ﬂow velocity, respectively. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)

lithospheric cooling


z
T ¼ T s þðT m T s Þerf pﬃﬃﬃﬃﬃ
2 kt
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As initial conditions for the 3-D single-mode runs, we use
the steady-state temperature and velocity ﬁelds obtained from
the 2-D runs described above. The velocity boundary condition on
the left side (and bottom, if the slab dip angle is steeper than 301,
such that some of the bottom boundary is not designated as
‘‘slab’’) is also speciﬁed based on the 2-D steady-state velocity
ﬁeld. To account for thermal noise, the model domain is initialized with random temperature perturbations of dimensionless
magnitude 103 . Since there is continuous inﬂow from the left
side boundary, temperature perturbations of the same magnitude
must also be added to incoming ﬂow from the left side of the
model box. Otherwise, incoming ﬂow would have zero temperature perturbation (because the left side temperature boundary
condition is ﬁxed), and would eventually replace all the initial
random temperature perturbations, leading to the artiﬁcial cessation of out-of-plane excitation.
2.4. Diagnostic parameters

ð17Þ

where Ts is the surface temperature, Tm is the ambient mantle
temperature, z is the depth, k is the thermal diffusivity, and t is
the age of the subducting lithosphere. Temperature at the top of
the model box, which represents the Mohorovic^ ić discontinuity
at approximately 30 km depth in a continental forearc, is ﬁxed
at 600 1C (T*¼0.46; Peacock and Wang, 1999). The temperature
boundary condition at the left side of the model box plays an
important role as it dictates the temperature of the mantle material
that replenishes downgoing material in the wedge corner. We
specify the temperature for the top half of the left side boundary
(zn o 0:5), again using Eq. (17), but substituting T s ¼ T Moho and
testing various values of t ¼ t LHS (where LHS refers to the left hand
side). The remaining boundaries (i.e., bottom and lower left side
where zn 4 0:5) are thermally insulated.
To replicate the subducting slab, each node in the triangular
region bounding the lower right portion of the model box (the
speciﬁc size of this region depends on the dip of the slab) is ﬁxed
with a velocity that has a magnitude equal to the convergence
velocity and direction parallel to the dip of the slab. The top of the
model box is free slip. All other velocity boundary conditions (i.e.,
the left side and any portion of the bottom boundary that is not
designated ‘‘slab’’) are prescribed the steady-state velocities from
preliminary 2-D model runs (discussed in Section 2.3). In order to
mitigate the effects of an artiﬁcial vertical boundary at the left
side of the model box, we require that vz ¼0 along the left side
boundary (i.e., no vertical component of mantle ﬂow). We do not
vary subduction parameters with time, but note that in the real
Earth, parameters such as slab dip angle and convergence velocity
may change with time, affecting the strength and geometry of
small-scale convection cells.
2.3. Initial conditions
In order to establish an initial velocity and temperature ﬁeld
for the 3-D single-mode runs, as well as to determine the velocity
boundary conditions on the left side of the model box, we ran
several preliminary 2-D models. For 2-D runs, all boundary
conditions are as described in Section 2.2, except the left side of
the model box is a ﬂow-through boundary (i.e., vz ¼0 and vx is
unspeciﬁed). The Rayleigh number is set to zero, such that we will
attain a velocity ﬁeld that is driven purely by boundary conditions
and the subducting slab (i.e., 2-D corner ﬂow), without the added
effect of thermal buoyancy. We use a ﬁnite element method
to solve the conservation equations (e.g., Korenaga and Jordan,
2001). Models are run until they reach a statistical steady-state.

We use two diagnostic parameters to quantify the out-ofplane excitation: the average maximum temperature perturbation and the average maximum vertical velocity perturbation in
the mantle wedge. Models quickly reach a strongly convective
state at around t n ¼ 0:0005 (  5 Myr). After t n  0:01, diagnostic
parameters have usually reached a statistical steady-state. We
allow models to run sufﬁciently beyond this to t n ¼ 0:2 (  2 Gyr),
to ensure that results do not depend on any particular initial
conditions. For every time step after t n ¼ 0:1 (again, well after a
statistical steady-state has been reached), we keep track of the
maximum temperature perturbation and vertical velocity perturbation in the mantle wedge at some out-of-plane distance that
is determined by the characteristic wavenumber. We deﬁne our
mantle wedge as the region above the subducting slab and out
to 300 km away from the right side of the model box (i.e., the
‘‘trench’’). We then average the maximum temperature and
vertical velocity perturbations for 0:1o t n o 0:2 to obtain the
diagnostic parameters. Averaging over this time interval ensures
that we are encompassing at least a hundred time steps in our
statistics. It is important to remember that our diagnostic parameters refer to out-of-plane perturbations, and are entirely
different from the values that would characterize the 2-D meanﬁeld. For instance, if the out-of-plane mode is non-existent, our
diagnostic parameters would have values of zero, but this does
not mean that convection is not occurring in the 2-D mean-ﬁeld.

3. Results and interpretation
Simulations are run for a range of subduction parameters (i.e.,
slab dip angle, d ¼ 301, 451, and 601; convergence velocity, vc ¼2,
5, and 8 cm/yr; and downgoing plate age, A ¼30, 80, and 130 Myr)
and model parameters (i.e., Ra ¼ 107 , 3  107 , 108 , and 3  108
corresponding to mantle wedge viscosities of approximately 1:5
1019 , 0:5  1019 , 1:5  1018 , and 0:5  1018 Pa s, respectively;
and left side temperature boundary conditions, tLHS ¼ 10, 20,
and 30 Myr). For any combination of the aforementioned parameters, we scan through a range of characteristic wavelengths
(  502400 km), and keep track of the out-of-plane excitation at
each wavelength. The characteristic wavelength (lchar ) is related
to the characteristic wavenumber (c) by c ¼ 2p=lchar . It is
important to note that a characteristic wavelength of 100 km
corresponds to a convection cell width of 50 km (lchar =2), due to
the cosðcyÞ term in the deﬁnitions of temperature, pressure, and
velocity (Eqs. (5)–(9)).
We deﬁne a reference model with subduction parameters akin
to the northeast Japan subduction zone (i.e., d ¼ 301, vc ¼8 cm/yr,
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A¼130 Ma, tLHS ¼30 Ma, and E¼300 kJ/mol; values of d, vc, and A
are based on estimates from Syracuse and Abers, 2006), where
geophysical observables suggest that small-scale convection may
be occurring (e.g., Tamura et al., 2002; Honda et al., 2002). An
activation energy of  300 kJ=mol is an appropriate estimate for
dry olivine in the diffusion creep regime and is convectively similar
to an activation energy of  540 kJ=mol under dislocation creep
(Christensen, 1984; Karato and Wu, 1993). Since we employ a
Newtonian viscosity, the use of 300 kJ/mol is appropriate. An
example run for our reference model with Ra ¼ 3  108 and
lchar ¼ 200 km is shown in Fig. 2. The subducting slab bisects the
model box (Fig. 2a) and small-scale instabilities can be seen
developing in the thermal boundary layer (Fig. 2a and b). The linear
temperature perturbation directly above the slab surface (Fig. 2b) is
a transient feature that results from convective instabilities that
develop in the shallow wedge corner and are entrained by the
subducting slab. We also note that signiﬁcant perturbations in
Fig. 2b are restricted to the upper half of the mantle wedge and do
not necessarily reﬂect the entire depth extent of the low viscosity
mantle wedge. To demonstrate that this model has reached a
statistical steady-state, we also include plots of the out-of-plane

Fig. 2. Model runs with Ra ¼ 3  108 , E¼ 300 kJ/mol, d ¼ 301, vc ¼8 cm/yr,
A ¼130 Myr, and tLHS ¼ 30 Myr. The model is run to a dimensionless time of
t n ¼ 0:2. (a) Mean temperature and velocity ﬁeld and (b) out-of-plane perturbation
temperature and velocity, at a characteristic wavelength of 200 km. (c) Time plots
of the maximum temperature perturbation (blue) and maximum vertical velocity
perturbation (red) in the mantle wedge, out to 300 km away from the trench. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)

temperature and vertical velocity perturbations as a function of
time. In the subsequent sections, we discuss the implications of
varying each of the subduction and model parameters on the
development of small-scale convection and the strength of out-ofplane excitation at different characteristic wavelengths.

3.1. Rayleigh number
Deﬁning the Rayleigh number is equivalent to assigning the
reference viscosity (m0 ) according to Eq. (4). Models are run for
Rayleigh numbers of 107 , 3  107 , 108 , and 3  108 , which correspond to mantle wedge viscosities of approximately 1:5  1019 ,
0:5  1019 , 1:5  1018 , and 0:5  1018 Pa s, respectively. These values
are similar to estimates of mantle wedge viscosity from previous
studies (  1018 21019 Pa s; Hirth and Kohlstedt, 2003; Honda and
Saito, 2003; Jadamec and Billen, 2010), which are discussed further in
Section 5. The average maximum temperature and vertical velocity
perturbations for different Rayleigh numbers, various characteristic
wavelengths, and the subduction parameters of our reference model
are shown in Fig. 3. As the Rayleigh number increases (i.e., decreasing
mantle wedge viscosity), out-of-plane excitation increases signiﬁcantly. Increasing the Rayleigh number from 107 to 108 increases outof-plane temperature and velocity perturbations by 2–3 orders of

Fig. 3. Average maximum out-of-plane (a) temperature and (b) vertical velocity
perturbation in the mantle wedge at various characteristic wavelengths, for models
run with Rayleigh numbers of 107 , 3  107 , 108 , and 3  108 (E¼300 kJ/mol,
d ¼ 301, vc ¼ 8 cm/yr, A¼130 Myr, and tLHS ¼ 30 Myr).
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magnitude; increasing the Rayleigh number from 3  107 to 3  108
increases out-of-plane perturbations by 3–5 orders of magnitude.
In addition, the characteristic wavelength at which out-of-plane
excitation peaks (or the width of the small-scale convection cells)
decreases with increasing Rayleigh number. For Ra ¼ 3  108 , excitation is at a maximum at a characteristic wavelength of  100 km (a
convection cell width of 50 km). While for Ra ¼ 108 , excitation peaks
at a wavelength of  200 km (a convection cell width of 100 km).
We also note that for Rayleigh numbers less than 108 , out-of-plane
vertical velocity perturbations are less than 10  4 cm/yr. This is an
important result as it suggests that the mantle wedge viscosity has to
be on the order of 1018 Pa s or less in order for signiﬁcant small-scale
convection to occur.
3.2. Slab dip angle
We test various slab dip angles of 301, 451, and 601 using
Ra ¼ 3  108 and the reference model values for the remaining
parameters (Fig. 4). Model results suggest that a steeper slab dip
tends to favor small-scale convective motions. Steeper dip angles
allow for a larger vertical extent in which convection cells could

Fig. 4. Average maximum out-of-plane (a) temperature and (b) vertical velocity
perturbation in the mantle wedge at various characteristic wavelengths, for
models run with dip angles of 301, 451, and 601 (Ra ¼ 3  108 , E ¼300 kJ/mol,
vc ¼8 cm/yr, A ¼ 130 Myr, and tLHS ¼ 30 Myr).
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develop, and since the Rayleigh number is proportional to the
cube of the length scale (Eq. (4)), steeper dip angles excite more
intensely the development of small-scale convection. The maximum out-of-plane perturbations for various slab dip angles with
Ra ¼ 3  108 differ by less than an order of magnitude. However,
the effect of varying slab dip becomes larger with lower viscosity.
For Ra ¼ 108 , maximum out-of-plane perturbations for various
dip angles differ by  123 orders of magnitude. We also note that
as the dip angle steepens, the characteristic wavelength at which
out-of-plane perturbations are maximized increases. For instance,
for Ra ¼ 3  108 and a slab dip angle of 301, out-of-plane temperature and vertical velocity perturbations are maximized at a
characteristic wavelength of 100 km. If the dip angle is increased
to 601, the maximum out-of-plane temperature perturbation
occurs at a characteristic wavelength of 150 km and the maximum vertical velocity perturbation occurs at 200 km.

3.3. Convergence velocity
Convergence velocities of 2, 5, and 8 cm/yr were tested with
Ra ¼ 3  108 while other model parameters were set to reference
values (Fig. 5). One may expect higher convergence velocities to
cause faster asthenospheric return ﬂow beneath the overriding
plate. This would inhibit thickening of the thermal boundary
layer, therefore, hindering the development of small-scale convection. However, we ﬁnd that in models with a high Rayleigh

Fig. 5. Average maximum out-of-plane (a) temperature and (b) vertical velocity
perturbation in the mantle wedge at various characteristic wavelengths, for
models run with convergence velocities of 2, 5, and 8 cm/yr (Ra ¼ 3  108 ,
E¼ 300 kJ/mol, d ¼ 301, A ¼130 Myr, and tLHS ¼30 Myr).
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number (i.e., Ra ¼ 3  108 ), instabilities in the thermal boundary
layer develop readily due to a low viscosity and the preassigned
temperature proﬁle at the left side boundary (discussed further in
Section 3.5) has a thick enough thermal boundary layer for smallscale convection to occur. Therefore, the thickening of the thermal
boundary layer via heat ﬂux through the lithosphere plays a
minor role. Our results agree with analytical and numerical
results in that higher shearing (convergence) velocities lead to
stronger and quicker development of longitudinal small-scale
convection (Richter, 1973; van Hunen et al., 2003). We note that
the characteristic wavelength at which out-of-plane temperature
and vertical velocity perturbations are maximized does not change
with increasing convergence velocity.
Using a slightly lower Rayleigh number (i.e., Ra ¼ 108 ), instabilities do not develop as readily due to a higher reference viscosity.
Now, the vertical temperature proﬁle of ﬂow being advected into
the wedge corner from the left side boundary does not have a
sufﬁcient thermal boundary layer for convection to occur. In other
words, this temperature proﬁle must change (i.e., additional cooling and thickening of the thermal boundary layer via heat ﬂux
through the lithosphere) before small-scale convection can occur.
At these lower Rayleigh numbers, we see that high convergence
velocities do not allow sufﬁcient time for the thermal boundary
layer to cool and thicken before being advected into the wedge
corner. Therefore, for Ra ¼ 108 , lower convergence velocities result
in the highest maximum temperature perturbations. In contrast,
the vertical velocity perturbations exhibit no obvious trend of
increasing out-of-plane perturbations with decreasing convergence
velocity. The mid-range convergence velocity (vc ¼5 cm/yr) exhibits the strongest perturbations, likely because both the gravitational pull of the instability (strongest for low convergence
velocities that have had more time to develop gravitationally
unstable thermal boundary layers before reaching the wedge
corner) and the background wedge ﬂow ﬁeld (strongest for high
convergence velocities) contribute to the downwelling velocity of
an instability. We note that perturbations at a Rayleigh number of
108 are small, with temperature perturbations on the order of 10 K
and vertical velocity perturbations that are less than 1 mm/yr.
3.4. Subducting plate age
We test various values of the downgoing plate age (30, 80, and
130 Myr), with a Rayleigh number of 3  108 , and again using the
reference model values for the remaining subduction parameters.
We may expect subduction of young lithosphere to favor small-scale
convection, as the mantle wedge is kept slightly warmer than for the
case of old subducting lithosphere. Because of temperature dependent viscosity, a warmer wedge is less viscous, and therefore
facilitates the development of small-scale convection. However,
our results show that varying the age of the subducting plate has
a relatively minor effect on out-of-plane excitation. Increasing the
downgoing plate age from 30 Myr to 130 Myr results in a negligible
change in maximum out-of-plane temperature and velocity perturbations for Ra ¼ 3  108 and less than a twofold decrease in out-ofplane perturbations for Ra ¼ 108 .
3.5. Left side temperature boundary condition
As previously discussed, the temperature boundary condition at
the left side of the model box plays a signiﬁcant role in dictating the
thickness of the thermal boundary layer and the development of
small-scale convection. The left side temperature boundary condition is deﬁned using Eq. (17) (with T s ¼ T Moho and t ¼ t LHS ) and we
test values of tLHS ¼10, 20, and 30 Myr, corresponding to a thermal
boundary layer thickness of 32, 45, and 55 km, respectively. The
thickness of the thermal boundary layer is calculated following

Fig. 6. Average maximum out-of-plane (a) temperature and (b) vertical velocity
perturbation in the mantle wedge at various characteristic wavelengths, for
models run with tLHS ¼ 10, 20, and 30 Myr. (Ra ¼ 3  108 , E ¼300 kJ/mol, d ¼ 301,
vc ¼ 8 cm/yr, and A ¼ 130 Myr).

Korenaga and Jordan (2002b), and is based on the origin of
available buoyancy. Results for various tLHS with Ra ¼ 3  108 and
the reference model parameters are shown in Fig. 6. The largest
value of tLHS (i.e., the thickest thermal boundary layer) leads to the
strongest out-of-plane temperature perturbations, but not the
strongest vertical velocity perturbations. A thicker thermal boundary layer likely results in a greater amount of downwelling cold
material, which causes strong temperature perturbations, but
because it is highly viscous, vertical velocity perturbations are
not as strong. The range of tLHS values tested results in out-of-plane
temperature and vertical velocity perturbations that differ from
each other by a factor of  2 or 3, respectively. Variations in tLHS do
not signiﬁcantly alter the dominant characteristic wavelength of
out-of-plane perturbations.

4. Small-scale convection beneath northeast Japan
It has been proposed that small-scale convection in the mantle
wedge may provide an explanation for northeast Japan’s ‘‘hot
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ﬁngers’’ (e.g., Honda et al., 2002). The hot ﬁngers are areas where a
correlation is seen between clustering of Quaternary volcanoes, low
velocity regions in the mantle wedge, and negative Bouguer gravity
anomalies (Tamura et al., 2002). These features are periodic alongstrike and are approximately 50 km wide with 30–75 km spacing.
Previous studies have investigated the role of chemical buoyancy, in
the form of plume-like structures rising from the subducting slab, on
the development of northeast Japan’s hot ﬁngers (e.g., Gerya et al.,
2006). Small-scale convection and plume-like features due to
chemically buoyancy are not mutually exclusive, and it is possible
that small-scale convection in the mantle wedge would modulate
the formation of chemical plumes.
Small-scale convection in the mantle wedge may also have a
signiﬁcant effect upon the development of seismic anisotropy.
Upper mantle anisotropy is typically attributed to the lattice
preferred orientation of olivine crystals resulting from the strain
associated with mantle ﬂow (e.g., Silver, 1996; Karato et al., 2008).
In the mantle wedge, we would expect small-scale convection to
align perpendicular to larger-scale corner ﬂow (i.e., a trench-normal
rotation axis). This could destroy the coherency of the wedge ﬂow
ﬁeld, hinder the development of strong lattice preferred orientation,
and result in weak anisotropy (e.g., van Hunen and Čadek, 2009).
Recent numerical work by Morishige and Honda (2011) suggests
that the coherency of the wedge ﬂow ﬁeld in the presence of smallscale convection would not be completely disturbed, but that the
anisotropic symmetry axis may tilt towards vertical, decreasing the
difference between vfast and vslow for a vertically propagating split
shear wave. Consequently, small-scale convection could potentially
explain the small shear wave splitting delay times (related to the
strength of anisotropy) observed in the mantle wedge beneath
northeast Japan (Nakajima and Hasegawa, 2004; Wirth and Long,
2010; Huang et al., 2011a, 2011b). Previous 3-D numerical models
have shown that along-strike variations in slab dip may result in
pressure gradients that are large enough to drive trench-parallel
ﬂow in the mantle wedge (Kneller and van Keken, 2007). This could
potentially destabilize longitudinal small-scale convection rolls,
similar to how transverse rolls are destroyed by the shearing
associated with larger-scale ﬂow (Richter, 1973). While the dip of
the Paciﬁc slab does vary signiﬁcantly along-strike beneath Japan,
the northeast Japan hot ﬁngers documented by Tamura et al. (2002)
are located on the island of Honshu, where the gradient in slab dip is
relatively small (Gudmundsson and Sambridge, 1998; Syracuse and
Abers, 2006). Therefore, along-strike pressure gradients are probably
not a signiﬁcant factor in determining the wedge ﬂow ﬁeld.
The northeast Japan subduction zone is characterized by a 301
dip angle, a convergence velocity of  8 cm/yr, and a subducting
plate age of  130 Myr at the trench. Results of this study indicate
that subduction systems with shallow dip angles and old subducting
plate ages tend not to favor small-scale convection, thus implying
that the conditions beneath northeast Japan are relatively unfavorable for its development. However, even with these subduction
parameters, signiﬁcant (i.e., perturbations 41%) small-scale convection occurs in our models when the reference viscosity is
 1018 Pa s or less. Using the subduction parameters for northeast
Japan and a mantle wedge viscosity of 0:5  1018 Pa s (equivalent
to Ra ¼ 3  108 ), out-of-plane excitation peaks at a characteristic
wavelength of  100 km. This corresponds to a convection cell
width of 50 km, and is comparable in size to the spacing between
northeast Japan’s hot ﬁngers (  30275 km).

5. Constraints on mantle wedge viscosity
Our models show that the occurrence of small-scale convection in the mantle wedge is most strongly inﬂuenced by
the reference viscosity. Yet, of all the subduction parameters
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we examine, the mantle wedge viscosity is the most poorly constrained in the real Earth. Constraints on absolute mantle viscosity
primarily come from post-glacial rebound data (e.g., Mitrovica, 1996;
Simons and Hager, 1997), the availability of which is geographically
limited. While the asthenosphere is expected to have a relatively low
viscosity (e.g.,  1018 1019 Pa s; Hirth and Kohlstedt, 1996), ﬂuid
ﬂux into the mantle wedge due to the dehydration of the subducting
slab has the potential to further decrease the viscosity of the mantle
wedge (e.g., Hirth and Kohlstedt, 2003). Unfortunately, the mantle
wedge viscosity is not well constrained. Numerical models have
shown that a low viscosity wedge should have an observable signal in
topography, gravity, and the geoid (Billen and Gurnis, 2001). Based on
modeling results and geophysical data available for the Tonga
subduction zone, Billen and Gurnis (2001) predict a low viscosity
wedge that is at least 10 times smaller than the surrounding
asthenospheric mantle. Recent 3-D numerical models of subduction
that use a viscosity ﬂow law allowing for both Newtonian and nonNewtonian viscosities (Jadamec and Billen, 2010, 2012; Stadler et al.,
2010), show that a low viscosity region emerges in the mantle wedge
where strain rates are high due to the non-linear relationship
between stress and strain rate. Jadamec and Billen (2010) found that
models in which a non-Newtonian rheology and high strain rates led
to an emerging low viscosity mantle wedge (  1018 Pa s), provided a
good ﬁt to observations of seismic anisotropy in the Alaska subduction zone. Other studies have attempted to place constraints on
mantle wedge viscosity by matching the wavelength of small-scale
convection in numerical models to the spacing of northeast Japan’s
hot ﬁngers (e.g., Honda et al., 2002; Honda and Saito, 2003; Honda,
2011). Results of these studies indicate that the mantle wedge
viscosity in northeast Japan is on the order of 1018 Pa s. However,
this result is only valid if the hot ﬁngers are in fact the manifestation
of small-scale convection in the wedge. The geometry of the low
viscosity region above the slab should also inﬂuence the development
of small-scale convection, and has been well-studied for northeast
Japan (e.g., Honda and Saito, 2003; Honda and Yoshida, 2005). These
previous studies have shown that a step-like geometry, in which the
low viscosity region spans a few hundred kilometers in width
(spanning into the backarc) and extends from the top of the slab to
some ﬁnite depth below the overriding crust, may best explain the
pattern of geophysical observables seen in northeast Japan.
While all the subduction parameters examined in this study
play a role in determining whether or not small-scale convection
will occur, results show that the most dominant control on outof-plane perturbations is mantle wedge viscosity. Fortunately,
subduction parameters such as slab dip angle, convergence
velocity, and downgoing plate age, are well known for most
subduction systems (e.g., Syracuse and Abers, 2006). If we assume
the occurrence of small-scale convection in the mantle wedge
based on geophysical observables, such as ‘‘hot ﬁnger’’-like
anomalies or the theoretical expectation of weaker seismic
anisotropy in a mantle wedge with small-scale convection, we
can use models such as the ones presented in this study to place
constraints on mantle wedge viscosity.

6. Conclusions
We develop a series of numerical models that allow for a
systematic study of small-scale convection in the subduction zone
mantle wedge. We ﬁnd that steep dip angles and the subduction
of young lithosphere, lead to conditions that are relatively favorable for the development of small-scale convection. Our models
also imply that faster convergence velocities favor small-scale
convective motions in the case of a high Rayleigh number (i.e.,
Ra ¼ 3  108 , or a low viscosity), but this result is inﬂuenced by
the ﬁnite lateral extent of our model box and the temperature
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boundary condition at the left side. While it has been shown that
the likelihood of small-scale convection in the mantle wedge is a
function of several parameters, its occurrence is most strongly
affected by the mantle wedge viscosity, which is not yet well
constrained in the scientiﬁc literature. However, if we accept that
small-scale convection is occurring beneath northeast Japan, as
has been suggested by the existence of ‘‘hot ﬁngers’’, our models
indicate that this would require a mantle wedge viscosity on the
order of  1018 Pa s. If mantle wedge viscosity is held constant
while other subduction parameters are varied, then the amplitudes of out-of-plane velocity perturbations are most inﬂuenced
by the slab dip angle and the out-of-plane temperature perturbations are most inﬂuenced by the convergence velocity and
temperature proﬁle of 2-D asthenospheric return ﬂow. Finally,
we also note a dependence of the characteristic wavelength
of small-scale convection on mantle wedge viscosity and slab dip
angle, with higher mantle wedge viscosities and/or steeper dip
angles producing longer wavelength longitudinal convection cells.
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