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[1] We investigate the physics of multiscale convection in Earth’s mantle, characterized by
the coexistence of large-scale mantle circulation associated with plate tectonics and small-
scale sublithospheric convection. In part 2 of our study, the temporal and spatial
evolution of sublithospheric convection is studied using two-dimensional whole mantle
convection models with temperature- and depth-dependent viscosity and an endothermic
phase transition. Scaling laws for the breakdown of layered convection as well as the
strength of convection are derived as a function of viscosity layering, the phase buoyancy
parameter, and the thermal Rayleigh number. Our results suggest that layered convection in
the upper mantle is maintained only for a couple of overturns, with plausible mantle values.
Furthermore, scaling laws for the onset of convection, the stable Richter rolls, and the
breakdown of layered convection are all combined to delineate possible dynamic regimes
beneath evolving lithosphere. Beneath long-lived plates, the development of longitudinal
convection rolls is suggested to be likely in the upper mantle, as well as its subsequent
breakdown to whole mantle-scale convection. This evolutionary path is suggested to be
consistent with the seismic structure of the Pacific upper mantle. INDEX TERMS: 3040
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1. Introduction

[2] In plate tectonics on the Earth, the mantle continu-
ously comes up to the surface beneath mid-ocean ridges and
then moves laterally to subduction zones. The top boundary
layer of this mantle circulation is called oceanic lithosphere,
whose evolution holds a key to understand the physics of
multiscale convection in Earth’s mantle. After oceanic
lithosphere is created at a divergent plate boundary, its
subsequent thermal evolution can be modeled (approxi-
mately) as instantaneous surface cooling of a uniformly
hot fluid [e.g., Turcotte and Schubert, 1982]. The surface
cooling places the upper portion of oceanic mantle into a
gravitationally unstable mode; cooler and thus denser man-
tle continuously grows above hotter and more buoyant
mantle. Eventually, therefore, oceanic lithosphere becomes
convectively unstable, leading to the generation of small-
scale convection within oceanic asthenosphere [e.g.,
Parsons and McKenzie, 1978; Buck and Parmentier,

1986; Davaille and Jaupart, 1994; Korenaga and Jordan,
2003a]. Interaction with large-scale shear associated with
plate motion tends to organize the planform of small-scale
convection, creating longitudinal convection rolls, or
Richter rolls [e.g., Richter and Parsons, 1975].
[3] For the past three decades, a number of theoretical

studies have been done on small-scale convection [e.g.,
Richter, 1973a; Yuen et al., 1981; Fleitout and Yuen, 1984;
Davies, 1988; Dumoulin et al., 1999; Solomatov and
Moresi, 2000]. Previous studies on small-scale convection,
explicitly or implicitly, assumed layered convection, i.e.,
convective motion is assumed to be confined to the upper
mantle. Though a viscosity jump and an endothermic phase
transition may temporally hamper material flux through the
660 km discontinuity, it remains uncertain how valid it is to
assume locally layered convection beneath oceanic litho-
sphere. To better understand the spatial scale of sublitho-
spheric convection, its dynamics needs to be investigated in
the framework of a whole mantle convection system.
[4] Assessing such a fundamental assumption is impor-

tant for building a solid knowledge base regarding sublitho-
spheric convection. Given recent advance in high-resolution
upper mantle tomography, which indicates the presence
of small-scale convection beneath the Pacific plate [e.g.,
Katzman et al., 1998], it is urgent for us to be able to
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predict theoretically the dynamic state of oceanic upper
mantle. Such capability will with no doubt facilitate pro-
ductive feedback between theory and observation. Given
uncertainties regarding the physical and rheological proper-
ties of the mantle, obtaining a scaling law that can handle a
wide range of parameters is essential. The purpose of this
paper is, therefore, to establish scaling laws for the dynam-
ics of a whole mantle system that exhibits both large-scale
mantle circulation and small-scale convection, on the basis
of a large number of 2-D numerical calculations.
[5] This paper focuses on the potential evolution of sub-

lithospheric, so-called ‘‘small-scale’’ convection (Figure 1).
Note that the very first phase, i.e., the onset of convection,
has already been studied by Korenaga and Jordan [2003a].
The temporal variation of the spatial scale of sublithospheric
convection is studied by 2-D convection models with
temperature- and depth-dependent viscosity and an endo-
thermic phase transition. The concept of morphological
similarity is introduced here. A scaling law for the break-
down of layered convection to whole mantle convection is
derived for a transient cooling problem with a range of
viscosity layering and phase boundary buoyancy. Finally,
combining with other scaling laws for sublithospheric
convection derived in previous studies, we discuss possible
dynamic regimes expected beneath oceanic plates.

2. Spatial Evolution of Sublithospheric
Convection

[6] The spatial scale of sublithospheric convection has
long been assumed to be small compared to global mantle
circulation (hence sublithospheric convection and small-

scale convection are often used interchangeably). This is
equivalent to assuming that sublithospheric convection is
confined in the upper mantle, but how valid is this assump-
tion? In other words, can the mantle be layered for sublitho-
spheric convection? Though there has been extensive
discussion on the possibility of layered mantle convection
based on numerical modeling [e.g., Christensen and Yuen,
1984; Machetel and Weber, 1991; Tackley et al., 1993;
Puster and Jordan, 1997], its focus has been mostly on
global mantle circulation, and much less attention has been
paid for the layering of sublithospheric convection. There
are at least two potential mechanisms in favor of layering:
depth-dependent viscosity and endothermic phase transi-
tion. Geophysical observations suggest that the lower man-
tle is probably �30 times more viscous than the upper
mantle [e.g., Hager et al., 1985; Forte and Mitrovica, 1996;
Simons and Hager, 1997]. Viscosity layering, of course,
does not completely prevent cold downwelling from the
base of lithosphere to sink into the lower mantle. It simply
increases the timescale for penetration, which may result in
the temporary layering of sublithospheric convection.
[7] An endothermic phase transition between g-spinel and

perovskite + magnesiowüstite that occurs at around 660 km
depth [e.g., Ito et al., 1990], on the other hand, provides
positive buoyancy due to the deformation of the phase
boundary, which may partially cancel the negative thermal
buoyancy. Whole mantle convection models have consis-
tently demonstrated that a reasonable value of the Clapeyron
slope (i.e., �2 to �3 MPa K�1) leads to intermittent layered
convection [e.g., Machetel and Weber, 1991; Tackley et al.,
1993;Honda et al., 1993; Solheim and Peltier, 1994], except
at very high Rayleigh numbers, with which complete layer-
ing is possible [e.g., Yuen et al., 1994]. The strength of a
phase boundary in stationary state convection is the main
interest of these convection studies. Previous studies on the
relation between transient convection and phase change
dynamics have been limited mostly to the interaction of an
upwelling plume with an endothermic phase boundary [e.g.,
Nakakuki et al., 1994; Schubert et al., 1995;Marquart et al.,
2000]. Nonetheless, several scaling laws have been derived
to understand the phase change dynamics observed in these
convection models [e.g., Bercovici et al., 1993; Solheim and
Peltier, 1994; Tackley, 1995], and basic physical ideas
behind them are quite useful for our problem.
[8] A key to understand the strength of a phase boundary

with regard to convective stirring lies in the nature of a
counter flow field caused by phase boundary deflection. The
strength of such flow depends on the characteristic wave-
length of the deflection; longer horizontal wavelength results
in counter flow with a correspondingly larger vertical extent,
and because viscous dissipation is proportional to the volume
of a convective domain, an energetics argument requires the
resultant flow to be weaker. Thus, whereas a large-scale
thermal anomaly can easily penetrate an endothermic phase
boundary, a small-scale anomaly may feel it as a significant
barrier. Tackley [1995] demonstrated this by solving simple
Stokes flow models. We note that this dependence on
wavelength of phase boundary dynamics cannot be obtained
by considering local buoyancy balance alone.
[9] This balance between ‘volume Stokes flow’ driven by

thermal buoyancy and ‘boundary Stokes flow’ by phase
transition buoyancy is also sensitive to finite domain effects

Figure 1. Schematic diagram of possible evolution of
sublithospheric convection in oceanic mantle [after
Korenaga and Jordan, 2003a].
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(i.e., distance to a phase boundary from the upper and lower
mechanical boundaries) as well as detailed flow structure
[Tackley, 1995]. Owing to the dynamic nature of the
problem, it is difficult to apply a conventional stability
analysis to derive conditions for layered convection [cf.
Butler and Peltier, 1997]. This difficulty is similar in nature
to that already known for the onset of convection [e.g.,
Howard, 1966; Korenaga and Jordan, 2003a]. We thus
need to derive scaling laws by means of time-dependent
numerical simulations, with a wide range of viscosity
layering and phase transition parameters.

3. Numerical Formulation

[10] The nondimensionalized governing equations for
thermal convection of an incompressible fluid with phase
transition buoyancy areConservation of mass

r � u* ¼ 0; ð1Þ

Conservation of momentum

�rP*þr � m* ru*þru*Tð Þ½ 
 þ Ra2T*ez � Rb2�ez ¼ 0; ð2Þ

Conservation of energy

@T*

@t*
þ u* � rT* ¼ r2T*; ð3Þ

where u*, m*, P*, T*, and t* denote velocity, viscosity,
pressure, temperature, and time, respectively, all of which
are normalized. The spatial differential operator, r, is also
normalized as (@/@x*, @/@y*, @/@z*). The unit vector ez is
positive upward. The spatial scale is normalized with a
whole mantle height of D (2900 km), and the temporal scale
is normalized with a whole mantle diffusion time of D2/k.
Temperature is normalized by temperature difference
between top and bottom boundaries, �T(� T0 � Ts), and
viscosity is normalized by lower mantle viscosity, m2. Ra2 is
the thermal Rayleigh number defined as

Ra2 ¼
ar0g�TD3

km2
; ð4Þ

where a is the coefficient of thermal expansion, g is
gravitational acceleration, and r0 is reference density at T =
T0.
[11] The boundary Rayleigh number, Rb2, is defined as

Rb2 ¼
�rgD3

km2
; ð5Þ

where �r is a density jump associated with the phase
transition. The phase transition function, �, is defined as
[e.g., Richter, 1973b; Christensen and Yuen, 1985; Zhong
and Gurnis, 1994]

� �p*ð Þ ¼ 1

2
1þ tanh

�p*

�d*

� �
; ð6Þ

where �p* is excess pressure with reference to phase
transition pressure as

�p* ¼ z*r � z*� g* T*� T*rð Þ: ð7Þ

Here z*r is the reference height for phase transition
(independent of temperature), g* is the Clapeyron slope
normalized by r0gD/�T, and T*r is the reference tempera-
ture for phase transition. The parameter �d* is a transition
length, which should be much smaller than unity but also
large enough to capture phase boundary deflection with a
given finite element mesh. In all of our model runs, we set
z*r = 0.75, T*r = 1.0, and �d* = 0.03. The relative
importance of a phase boundary on thermal convection is
controlled by the ratio of Rb2/Ra2 as well as the Clapeyron
slope, and this is summarized in the phase buoyancy
parameter � [e.g., Christensen and Yuen, 1985]:

� ¼ g*
Rb2

Ra2
¼ g�r

ar20gD
: ð8Þ

The Clapeyron slope of �2 MPa K�1 with a 10% density
jump and thermal expansivity of 3 � 10�5 K�1, for
example, corresponds to � � �0.07.
[12] The geometry of our whole mantle model is defined

in Figure 2a. The upper mantle depth is denoted by d; in our
model the upper mantle simply occupies the top quarter of
the model (i.e., d/D = 0.25). The model has a unit aspect
ratio. Our main interest is, however, the evolution of upper
mantle convection, for which the aspect ratio is four. We
consider temperature-dependent viscosity of the Arrhenius
form:

m T ; zð Þ ¼ m0 zð Þ exp E

RT

� �
; ð9Þ

where E is activation energy and R is the universal gas
constant. Simple two-layer depth dependency is employed;
the reference viscosity for the lower mantle, m2, is higher
than that for the upper mantle, m1. Viscosity is normalized
by m2. As a measure of temperature dependency, we define
the temperature derivative of logarithmic viscosity with
internal temperature as [e.g., Morris and Canright, 1984]

s ¼ �d log m*
dT*

����
T*¼1

: ð10Þ

[13] The top boundary is rigid whereas the bottom
boundary is free slip. Normalized temperature at the top
and bottom boundaries are fixed as 0 and 1, respectively.
The initial internal temperature is set to unity plus random
perturbations with the maximum amplitude of 10�3. Our
model is thus designed to investigate the temporal evolution
of a mantle section with growing oceanic lithosphere. As
can be seen in form of the energy equation (3), no internal
heating is considered, which is justified because (1) our
main interest is in the relatively early evolution of transient
cooling as marked by the breakdown of layered convection;
(2) Earth’s upper mantle is widely believed to be depleted
with heat-producing elements [e.g., Jochum et al., 1983];
and (3) the model lower mantle is hardly affected by surface
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cooling during the initial layered state, so there is no need to
use internal heating to maintain the hot lower mantle.
[14] In order to derive a scaling law, we need to run

models with a number of different combinations of the

thermal Rayleigh number, the phase buoyancy parameter,
the activation energy, and the viscosity contrast between the
upper and lower mantle. A systematic approach is obvi-
ously required to handle this wealth of parameters. The
accessible range of each parameter is usually constrained by
available computational resources. Because testing all pos-
sible combinations is impractical, the question is how
efficiently we can sample the given parameter space. Such
modeling strategy is of course case-dependent. For the
stability of layered sublithospheric convection, for which
the finite domain effect in phase boundary dynamics is
important, we believe that the concept of ‘‘morphological
similarity’’ serves as a useful guideline. In the series of
model runs with morphological similarity, the value of
activation energy is chosen so that the thickness of litho-
sphere at the onset of convection, dc, remains the same with
different combinations of other parameters (Figure 2b). We
choose dc = 100 km (i.e., d*c = 0.0345), so the application of
our results is limited to a convection system with Earth-like
lithosphere. For different combinations of Ra2 and m2/m1, the
activation energy is calculated on the basis of our onset time
scaling law [Korenaga and Jordan, 2003a, equation (24)]
with the critical Rayleigh number, Rac, of 1290. The
thickness of a rigid lid is assumed to be calculated from
the origin of available buoyancy, h0, as dc = 2h0

ffiffiffiffiffi
t*c

p
(see

[Korenaga and Jordan, 2003a] for the definition of h0).
With this approach, the depth extent of small-scale con-
vection in the upper mantle is nearly constant, and all
models share the same finite domain effect on the strength
of the phase boundary. By keeping morphological differ-
ences minimum, the interpretation of dynamical differences
becomes more straightforward.
[15] For the purpose of discussion, it is convenient to

define the local Rayleigh number for the upper mantle
system as

RaUM ¼ Ra2
m2
m1

d � dc
D

� �3

�TUM; ð11Þ

where �TUM denotes the temperature difference driving
sublithospheric convection. Using the scaling law for the
onset of convection, we can estimate �TUM � erfc (h0).
[16] The breakdown of layered convection is monitored

on the basis of a vertical mass flux diagnostic [e.g., Peltier
and Solheim, 1992]:

R z*ð Þ ¼
Z

w*ð Þ2dx*
� �1

2
Z 1

0

Z
w*ð Þ2dx*

� �1
2

dz*

,
; ð12Þ

where w* denotes the vertical component of velocity. An
initial layered stage in our transient cooling problem is
characterized by almost all of vertical mass flux concen-
trated in the upper mantle. When such a layered state is once
destroyed, vertical mass flux becomes more evenly
distributed throughout the mantle. We thus define the
breakdown time as the first instant that satisfies

Z 1:0

0:75

R z*ð Þdz* < 0:5; ð13Þ

Figure 2. (a) Geometry of whole mantle convection model
for transient cooling. (b) Activation energy as a function of
Ra2 to satisfy the morphological similarity of dc/D = 0.0345,
based on the onset time scaling law [Korenaga and Jordan,
2003a, equation (24)] with Rac of 1290. Viscosity is of the
Arrhenius form.
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after the onset of convection. We will refer to the left-hand
side of equation (13) as cumulative vertical mass flux (or
CVMF0.75).

4. Results

[17] We conducted total 90 runs, for all the possible
combinations of Ra2 = 3 � 105, 106, 3 � 106, 107, and
3 � 107, m2/m1 = 10, 30, and 100, and � = 0, �0.035,
�0.07, �0.105, �0.14, and �0.175. The corresponding
range of RaUM is 2 � 104 –3 � 106. The model domain is
discretized with 64 � 64 or 128 � 128 2-D variable size
quadrilateral elements. The horizontal length of elements
is uniformly 1/64 or 1/128. The vertical length is 0.7/32
(or 0.7/64) for 0 � z* < 0.7, and 0.3/32 (or 0.3/64) for 0.7 �
z* � 1.0. The shorter vertical length is used to accurately
model the dynamics of the less viscous upper mantle, and it
is used down to z* = 0.7 to handle subtle phase boundary
deflection around z* = 0.75. The higher resolution mesh is
used for runs with RaUM > 4 � 105. Time stepping is the
same as by Korenaga and Jordan [2003a]. In addition to
these runs, we also conducted some Monte Carlo experi-
ments to test the degree of randomness inherent in this
initial value problem. An example for Ra = 106, m2/m1 = 30,
and � = �0.07, is shown in Figure 3 with 30 different
Monte Carlo realizations for initial perturbations. It can be
seen that uncertainty in breakdown time is amplified from
that in onset time, and we can only aim for a more

approximate scaling law for breakdown time. Though each
of the main model runs used only one realization of random
perturbations, we expect that the main model runs as a
whole can capture the major statistical characteristics of
layering breakdown, given the wide range of model param-
eters we employed.
[18] An example from the main model runs is shown in

Figure 4, for the case of Ra2 = 107, m2/m1 = 30, and � =
�0.07. The activation energy is set as 92 k mol�1 based on
morphological similarity. As in the work by Korenaga and
Jordan [2003a], the onset of convection is determined based
on the deviation from the purely conducting profile. The
visual inspection of snapshots indicates that the transition of
convective pattern from a layered state (Figures 4a and 4b)
to a whole mantle one (Figures 4c and 4d) is reasonably
well captured by a vertical mass flux diagnostic (Figures 4e
and 4f ). The breakdown of layered convection results in a
vigorous overturn (Figure 4d), like a ‘‘mantle avalanche’’
[e.g., Tackley et al., 1993] but with a much smaller
temperature scale.
[19] Modeling results are first examined in terms of

morphological similarity. The onset time of convection
(Figure 5a), the thickness of a rigid lid (Figure 5b),
temperature at the base of the lid (Figure 5c), and viscosity
contrast in sublithospheric convection (Figure 5d) are mea-
sured, and they are compared with theoretical predictions.
The theoretical onset time, t*c, is based on our scaling law
[Korenaga and Jordan, 2003a, equation (24)], in which Ra
is replaced with Ra2 m2/m1 because the onset of convection is
controlled by upper mantle viscosity. Accordingly the
boundary layer timescale is redefined as

t*r � Ra2
m2
m1

� ��2
3

: ð14Þ

As described earlier, the theoretical lid thickness is
calculated as 2 h0

ffiffiffiffiffi
t*c

p
. On the basis of the conducting

profile, therefore, the theoretical prediction for temperature
at the lid base is given by T *b = erf(h0). From this predicted
basal temperature, a theoretical viscosity contrast in
sublithospheric convection is calculated as m*(T*b ).
[20] A good agreement between predictions and measure-

ments is observed in general. Some systematic misfits are
also seen, which originate in the different nature of each
prediction. In particular, we note that it is possible to
compare directly measurements with predictions only for
the onset time of convection, for which we have an explicit
scaling law. A nearly perfect agreement is indeed achieved
for the onset time (Figure 5a); minor deviations are consis-
tent with the random nature of the onset time (standard
deviation of �10% [Blair and Quinn, 1969]). For other
three quantities, i.e., lid thickness, basal temperature, and
viscosity contrast, comparison becomes less straightfor-
ward. The thickness of a rigid lid at the onset of convection,
for example, is assumed to be calculated from the origin of
available buoyancy as dc = 2 h0

ffiffiffiffiffi
t*c

p
. Though this is a

reasonable approximation, it is still a mere assumption.
Our actual measurement of lid thickness is based on
horizontally averaged advective heat flux, following
[Jaupart and Parsons, 1985]. There is no theoretical guar-
antee that this dynamically defined thickness matches the
static prediction. At the onset of convection, in fact, measured

Figure 3. Amplified random nature of layering breakdown
in relative to the onset of convection. (a) Deviation from
conducting temperature profile and (b)

R
0.75
1.0 R(z*) dz* are

shown for the case of Ra = 106, m2/m1 = 30, and � = �0.07
with 30 Monte Carlo realizations of initial temperature
perturbations (e = 10�3). Arrows indicate the range of
uncertainty based on our measurement criteria.
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values are larger than the target thickness of 0.0345
especially for weaker temperature dependency (or lower
Rayleigh number). Measured thickness, however, gradually
approaches to the target value as time proceeds (Figure 5b).
This agreement at later times is intriguing; the target
thickness is calculated on the basis of available buoyancy,
and yet it is close to measurements based on advective heat
flux. Temperature at the lid base, the measurement of which
is also based on advective heat flux, is systematically higher
than the prediction (Figure 5c). The misfit at the onset of
convection, t* = t*c , is because the target thickness is rarely
achieved at the onset (Figure 5b). Persistent misfit observed
for later times simply originates in the convective destruc-
tion of a mobile thermal boundary layer. In other words,
after the onset of convection, the theoretical prediction
based on a conducting temperature profile is no longer
valid.
[21] A similar explanation can be used for a viscosity

contrast in convecting mantle, because both its prediction
and measurement are based on the basal temperature. A
large misfit is observed in Figure 5d because the temper-
ature dependency of the Arrhenius viscosity law is super-
exponential. The highest viscosity contrast achieved in the
model is �6. The overall trend with the parameter s can
be modeled as �60% of the theoretical prediction based
on h0. This suggests that the lid thickness may be limited
by the maximum viscosity contrast that can be delami-
nated by convective instability, and that better theoretical
predictions for dc and T*b could be achieved by using some
kind of the maximum viscosity contrast (such as dotted
line in Figure 5d) instead of the origin of available
buoyancy. Indeed, predictions based on the 60% viscosity
contrast do seem to work quite well (dotted lines in 5b
and c).
[22] The measurements of breakdown time, t*b , are sum-

marized in Figure 6. As expected, layered convection lasts
longer with a larger viscosity contrast and a higher phase
buoyancy parameter. By least squares, we derive the fol-
lowing expression for the breakdown time:

log
t*b � t*c

t*r

� �
¼ a0 þ a1�þ a2 log

m2
m1

� �
þ a3 logRaUM; ð15Þ

where a0 = �4.012, a1 = �14.510, a2 = 0.526, and a3 =
0.494. A standard deviation for this formula is 0.33 in the
logarithmic scale. This standard deviation is larger than
expected from the inherent randomness of breakdown time
(Figure 3), so we are not overfitting data. Convection with
higher Rayleigh number tends to be characterized with
shorter wavelengths, so the positive correlation between the
breakdown time and the upper mantle Rayleigh number
(i.e., a3 > 0)) is consistent with the wavelength dependency
of phase change dynamics.

[23] To better understand the sensitivity of breakdown
time with respect to model parameters, equation (15) may
be rewritten as

�t*
b
� t*

b
� t*

c
� e�4�14:5�Ra�0:17

2

m2
m1

� �0:35

s�0:38 d � dc
D

� �1:5

;

ð16Þ

where we have used equations (11) and (14) as well as the
following approximation,

�TUM � erfc h0ð Þ � s�0:75: ð17Þ

The second approximation in the above works well for 2 <
s < 50 with the Arrhenius viscosity. The period of layered
state after the onset of convection, �t*b , increases with more
negative � and larger viscosity contrast, as already evident
in Figure 6a, and decreases with greater Ra2 or s. It is easy
to understand the negative exponent for Ra2; higher Ra2
implies greater convective instability of the whole mantle
system, which can lead to earlier breakdown of layered
convection. Layered state also breaks down more easily
with greater s, because convection becomes more sluggish
with stronger temperature dependency of viscosity. More
sluggish convection is characterized by thermal anomalies
with longer wavelengths, which can penetrate an endother-
mic phase boundary with less difficulty.
[24] A couple of dimensionalized examples may be infor-

mative here. The above scaling law is nondimensionalized
by the whole mantle diffusion time, which is about 270 Gyr
with the thermal diffusivity of 10�6 m2/s. With Ra2 = 108,
� = �0.07 (i.e., the Clapeyron slope of �2 MPa K�1 with
�r/r0 = 0.1 and a = 3 � 10�5 K�1), m2/m1 = 30, and s = 20
(equivalent to the activation energy of 300 kJ mol�1),
equation (16) predicts that the breakdown of layered con-
vection takes place �60 m.y. after the onset of convection.
The duration of layered convection is very sensitive to the
phase change parameter as its exponential dependency
indicates; changing � to 0 and �0.14, for example, gives
the breakdown timescale of �20 m.y. and �170 m.y.,
respectively.
[25] Our scaling law is based on morphologically similar

solutions all with the rigid lid thickness of�100 km. Strictly
speaking, therefore, the combination of Ra2, m2/m1, and s
should be consistent with such specification (see Figure 2b).
We expect that, however, the scaling law should be valid
even for different lid thicknesses as long as the upper mantle
is convecting and the lid is not too thick (i.e., less than d/2),
because of comparable finite domain effects. The lid thick-
ness dc can be estimated from s, Ra2, and m2/m1 as

dc=D � 2h0
ffiffiffiffiffi
t*c

p
� s0:6

4

p2

Rac

Ra2

m1
m2

� �1
3

; ð18Þ

Figure 4. Example of numerical solutions for whole mantle transient cooling, with Ra2 = 107, m2/m1 = 30, and � = �0.07.
Snapshots of temperature and velocity fields are shown at (a) t* = 0.00042, (b) t* = 0.00071, (c) t* = 0.00088, and (d) t* =
0.00113. Velocity arrows are normalized by maximum velocity, which is denoted at every snapshot. Also shown are
(e) vertical mass flux diagnostic (contour interval is 2.0), (f ) vertical mass flux integrated from z* = 0.75 to z* = 1, and
(g) maximum upwelling (solid) and downwelling (dotted) velocities.
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the derivation of which involves the following approxima-
tions (under the same condition for equation (17)):

h0 � 0:53s0:25 ð19Þ

F sð Þ � s�1:05: ð20Þ

Here F(s) is a scaling factor used in the onset time formula
[Korenaga and Jordan, 2003a].
[26] We also measured the strength of convection in terms

of maximum vertical velocity, u*m (defined as a logarithmic
average of maximum upwelling and downwelling veloci-
ties). The measured values of u*m are compared with
predictions based on boundary layer theory [e.g., Turcotte
and Schubert, 1982; Korenaga and Jordan, 2002a]:

u*p ¼ d � dc
D

Ra2

8

m2
m1

q*s

� �1
2

; ð21Þ

Figure 5. Confirmation of morphological similarity. The-
oretical predictions are shown in solid lines, and measure-
ments are shown in circles (solid circles for measurements at
the onset of convection and other types of circles for
subsequent measurements). All measurements are plotted as
a function of the parameter s. (a) Onset time. 10% standard
deviation is indicated by dotted line. (b) Thickness of a rigid
lid. (c) Temperature at the lid base. (d) Viscosity at the lid
base. In Figures 5b–5d, theoretical predictions based on the
60% viscosity contrast are shown by dotted line. For
comparison, prediction for T *b based on the inflection point
of available buoyancy (hi) is also shown as dot-dashed line
in Figure 5c.

Figure 6. Measurements of breakdown time, t*b. (a) (t*b �
t*c)/t*r as a function of phase buoyancy parameter, �.
Different symbols denote different viscosity contrasts. For
each combination of � and m2/m1, there are five model runs
with different values of Ra2. (b) Comparison of measured
(t*b � t*c)/t*r with predicted values based on equation (15).
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where q*s is surface heat flux at the onset of convection, i.e.,
q*s = 1/

ffiffiffiffiffiffiffi
pt*c

p
. Strictly speaking, this prediction is only

applicable for steady state convection, but it can serve as
reference velocity, to which our measurements from
transient convection can be compared. At the onset of
convection, u*m � 0.4 u*p (Figure 7a). In terms of its
temporal average for the period of layered convection, u*m �
u*p for low RaUM, and this agreement degrades with
increasing RaUM. This systematic discrepancy may be
better characterized as the effect of temperature-dependent
viscosity because the above theoretical prediction is based
on the energetics of isoviscous convection. A scaling law
for velocity is thus derived as

log
u*m

u*p

� �
¼ b0 þ b1 log s; ð22Þ

where b0 = �0.340 and b1 = �0.487 (Figure 7b). Its
standard deviation is around 0.21 in the logarithmic scale.
Because we are dealing with temporal averages calculated

for highly transient convection with widely varying
averaging periods among different runs, this large un-
certainty seems to be inevitable. Compared with similar
laws derived for stationary state rigid lid convection [e.g.,
Solomatov and Moresi, 2000], however, our scaling law is
more relevant to sublithospheric convection beneath
oceanic lithosphere, which is fundamentally transient [e.g.,
Korenaga and Jordan, 2002b]. Given that a typical lifetime
of oceanic lithosphere is less than 200 m.y., we do not
expect that sublithospheric convection could reach a
statistically steady state.
[27] Regarding relevance to the real mantle, temperature

variations associated with sublithospheric convection
should also be mentioned here. Using the temperature at
the base of the rigid lid, T*b , a total temperature variation
introduced in the sublithospheric mantle can be estimated as
1 � T*b to first order. As indicated by Figure 5c, the
temperature variation gradually decreases with increasing
s (or increasing Ra2) because a mobile sublayer becomes
thinner with more strongly temperature-dependent viscosity.
For model runs with low Rayleigh numbers, we had to use
weakly temperature-dependent viscosity to maintain mor-
phological similarity, resulting in unrealistic temperature
variations in convecting mantle (e.g., �T* � 0.5) and thus
too fast cooling of the upper mantle. This unrealistic nature
of sublithospheric convection, however, gradually vanishes
as the Rayleigh number increases; �T* � 0.1 for s > 10
(Figure 5c). In our modeling strategy based on morpholog-
ical similarity, it should be understood that unrealistic low
Rayleigh number runs are included intentionally to delin-
eate dynamical differences owning to a change in the
Rayleigh number.
[28] The number of convective overturns during the phase

of layered convection, No, may be estimated as

No ¼
t*
b
� t*c

� �
u*mD

4 d � dcð Þ ; ð23Þ

in which one half of temporally averaged maximum
vertical velocity, 0.5 u*m, is assumed to represent average
convective velocity. A scaling law is also derived for this
quantity as

logNo ¼ a0 þ a1�þ a2 log
m2
m1

� �
þ a3 logRaUM; ð24Þ

where a0 = �3.965, a1 = �11.765, a2 = 0.414, and a3 =
0.148, with a logarithmic standard deviation of 0.26. This
implies that layered structure will break down after only a
couple of overturns, with modest values for phase boundary
buoyancy and viscosity layering.

5. Dynamic Regimes Beneath Evolving
Lithosphere

[29] Together with our previous results [Korenaga and
Jordan, 2003a, 2003b], we now have the following three
basic scaling laws for the evolution of sublithospheric
convection in oceanic mantle, i.e., (1) onset of convection,
(2) stability of longitudinal rolls, and (3) breakdown of
layered upper mantle convection. By combining them, we

Figure 7. Convective velocity and boundary layer theory.
The ratio u*m/u*p is plotted (a) as a function of RaUM and
(b) as a function of s. Dotted line in Figure 7b corresponds
to equation (22).
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can map out possible dynamic regimes expected beneath
oceanic lithosphere (Figure 8). Because we do not know
accurately all mantle parameters required to dimensionalize
them, this exercise remains preliminary. Several simplifica-
tions made in our approach, such as a single jump in the
reference viscosity profile, also precludes us from making a
precise prediction for Earth’s mantle. In reality, there is
probably a viscosity gradient in the upper mantle, giving
rise to weak asthenosphere and more viscous transition
zone. The former controls the thickness of the rigid lid
while the latter affects the strength of the upper mantle
convection as well as the viscosity contrast at 660 km. Such
two-faced role of upper mantle viscosity could still be

modeled by equation (16), if the viscosity contrast is
calculated with average upper mantle viscosity and the lid
thickness dc is estimated separately by asthenospheric vis-
cosity, though this attempt may prove to be too crude.
[30] From these diagrams, nonetheless, we can learn at

least what kind of a dynamic state we could expect beneath
oceanic lithosphere. For a sufficiently long-lived oceanic
plate, there are four possible scenarios for sublithospheric
convection: (1) the classical Richter roll case (layered
convection with stable longitudinal rolls for the entire life
time of plate), (2) the multimodal layered case (layered
convection without well-defined longitudinal rolls), (3) the
Richter overturning case (whole mantle overturn with
initially layered longitudinal rolls), and (4) the totally
unstructured case (multimodal convection evolving from
upper mantle to whole mantle scale). As seen in Figure 8,
the multimodal layered case and the totally unstructured
case are expected only for a limited parameter space,
especially if the Rayleigh number is sufficiently high. The
stability zone of Richter rolls prior to the breakdown of
layered convection may even extend to slower plate motion
than indicated by Figure 8, because our stability criterion is
based on isoviscous convection [Korenaga and Jordan,
2003b]. With temperature-dependent viscosity, the roll
structure may be fortified by the basal topography of the
rigid lid (V. S. Solomatov, personal communication, 2003).
[31] For a fast moving plate such as the Pacific plate, the

formation of Richter rolls seems to be inevitable (Figure 8),
and even with moderate phase boundary buoyancy and
viscosity layering, locally layered convection can be main-
tained for a significant fraction of plate life time (Figure 8b).
We note that, however, it is not so straightforward to predict
the dynamics of a 3-D system by combining scaling laws
based on a 2-D system. In particular, our numerical mod-
eling that is used to derive the breakdown scaling law does
not fully capture the three dimensionality of the problem,
even when longitudinal rolls are stable. Out-of-plane varia-
tions in thermal and rheological structure are the natural
corollary of transient sublithospheric convection, and the
dynamics associated with such variations is neglected in the
2-D modeling. It is thus of first priority to solidify our
understanding of sublithospheric convection by 3-D numer-
ical modeling (J. Korenaga and T. H. Jordan, manuscript in
preparation, 2003). Preliminary dynamic regime diagrams
like Figure 8 will be useful to design our modeling strategy.

6. Concluding Remarks

[32] For sublithospheric, ‘‘small-scale’’ convection in the
presence of plate tectonics, we have derived several scaling
laws to characterize its potential evolutionary path. Sublitho-
spheric convection is expected to be confined to the upper
mantle, at least for a while after its onset, because of a
viscosity increase and an endothermic phase change
expected at the base of the upper mantle. Such layered state,
however, is prone to large-scale flow reorganization,
because the base of the upper mantle is probably not strong
enough to support thermal anomalies associated with sub-
lithospheric convection for a sufficiently long time. The time
scale for such breakdown of layered upper mantle convec-
tion to whole mantle-scale convection was studied based on
a 2-D convection model that incorporates temperature- and

Figure 8. Possible convection regimes in oceanic mantle
as a function of plate velocity and distance from a ridge
axis. (a) The case of Ra2 = 107, m2/m1 = 30, and E = 98 kJ
mol�1, and (b) the case of Ra2 = 5 � 107, m2/m1 = 30, and
E = 213 kJ mol�1. The value of E is chosen to have dc =
100 km. Dashed lines denote the location of layering
breakdown for the cases of � = 0 and �0.07. Shading
denotes where longitudinal rolls are stable in the framework
of layered upper mantle convection. The upper mantle
Rayleigh number is greater than 5 � 105 in Figure 8b, for
which we used Pe � �300 as the stability condition based
on the experimental data of Richter and Parsons [1975].
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depth-dependent viscosity as well as phase change dynam-
ics. For reasonable mantle values (i.e., 30-fold viscosity
increase and a phase change with 10% density jump and the
Clapeyron slope of �2 MPa K�1), the breakdown time is
roughly twice as long as the onset time. That is, if the onset
of convection takes place beneath 50-m.y.-old seafloor, the
transition to whole mantle-scale sublithospheric convection
would be expected beneath 100-m.y.-old seafloor.
[33] Our study thus indicates that it is quite likely to have

various kinds of sublithospheric convection beneath a
sufficiently long-lived plate. This potential wealth of
dynamics may be able to explain self-consistently both (1)
the presence of regular Richter rolls beneath the relatively
young portion of the Pacific plate (east of the Tonga-Hawaii
corridor: younger than 100–120Ma) as inferred by Katzman
et al. [1998] and (2) the more distorted pattern of thermal
anomalies beneath the older part of the Pacific plate (west of
the Tonga-Hawaii corridor) as suggested by the seismic
tomography of Chen et al. [2000].
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