Physics of the Earth and Planetary Interiors 154 (2006) 196–207

Lower mantle dynamics with the post-perovskite phase change,
radiative thermal conductivity, temperature- and
depth-dependent viscosity
Ctirad Matyskaa,∗ , David A. Yuenb
a

Department of Geophysics, Faculty of Mathematics and Physics, Charles University, V Holešovičkách 2, 180 00 Praha 8, Czech Republic
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Abstract
The new post-perovskite phase near the core–mantle boundary has important ramifications on lower mantle dynamics. We have
investigated the dynamical impact arising from the interaction of temperature- and depth-dependent viscosity with radiative thermal
conductivity, up to a lateral viscosity contrast of 104 , on both the ascending and descending flows in the presence of both the
endothermic phase change at 670 km depth and an exothermic post-perovskite transition at 2650 km depth. The phase boundaries
are approximated as localized zones. We have employed a two-dimensional Cartesian model, using a box with an aspect-ratio of
10, within the framework of the extended Boussinesq approximation. Our results for temperature- and depth-dependent viscosity
corroborate the previous results for depth-dependent viscosity in that a sufficiently strong radiative thermal conductivity plays an
important role for sustaining superplumes in the lower mantle, once the post-perovskite phase change is brought into play. This
aspect is especially emphasized, when the radiative thermal conductivity is restricted only to the post-perovskite phase. These results
revealed a greater degree of asymmetry is produced in the vertical flow structures of the mantle by the phase transitions. Mass and
heat transfer between the upper and lower mantle will deviate substantially from the traditional whole-mantle convection model.
Streamlines revealed that an overall complete communication between the top and lower mantle is difficult to be achieved.
© 2005 Elsevier B.V. All rights reserved.
Keywords: Post-perovskite phase transition; Radiative thermal conductivity; Temperature- and pressure-dependent viscosity; Asymmetric mantle
convection

1. Introduction
The boundary between the lowermost mantle and
outer core, is the most active, but least understood region of the Earth’s deep interior. Heat- transfer across
the core–mantle boundary (CMB) appears fundamental
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in promoting large-scale instabilities including plume
clusters and superplume upwellings in the lower mantle (Maruyama, 1994; Zhao, 2001, 2004; Takeuchi and
Kobayashi, 2004; Schubert et al., 2004), which impact not just on the lower mantle but also the entire mantle. Seismically, the lowermost 200–300 km of
Earth’s mantle is anomalous. Geophysical investigations
over the last decade show that D , the approximate
100–350 km thick seismic layer located near the CMB
and characterized generally by a strong negative shear
velocity and small compressional velocity gradients,
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is both seismically heterogeneous and anisotropic on
vertical and horizontal length-scales down to about
tens of kilometers (e.g. Garnero, 2000; Lay et al.,
2004).
The discovery in 2004 of the new perovskite (pv) to
post-perovskite (ppv) phase transition in the deep mantle
near the D layer (Murakami et al., 2004; Tsuchiya et al.,
2004; Oganov and Ono, 2004; Iitaka et al., 2004), from
X-ray diffraction studies and first principles quantummechanical calculations, has recently added exciting
and potentially far-reaching consequences. Already, it is
clear that this new phase transition can profoundly influence the dynamics of the D layer, and by implication the
CMB (Nakagawa and Tackley, 2004; Matyska and Yuen,
2005). Matyska and Yuen (2005) have also found that
the presence of this new phase transition could make the
D layer highly unstable and inhibits the generation of
thick deep mantle plumes. They found that radiative thermal conductivity is needed for maintaining large-scale
upwellings (Matyska et al., 1994) in the lower mantle.
In this connection, the influence of the phonon contribution to the thermal conductivity is likely to be almost
negligible in the lower mantle because of increasing temperature above the Debye temperature (Hofmeister and
Yuen, submitted for publication).
Thus, the major difference between the dynamical
works of Nakagawa and Tackley (2004) and Matyska and
Yuen (2005) on the post-perovskite phase is the usage of
radiative thermal conductivity in the model. Nakagawa
and Tackley (2004) employed a depth-dependent thermal conductivity model, while Matyska and Yuen (2005)
picked a strongly radiative thermal conductivity, which
is motivated by the works of Hofmeister (1999, 2005)
and reinforced by the laboratory inference by Badro et
al. (2004) on the basis of the high spin to low spin electronic transition of Fe2+ in deep mantle silicates and
oxides, see also (Li et al., 2005). The rheology employed by Nakagawa and Tackley is also different from
that used by Matyska and Yuen (2005). In Nakagawa
and Tackley (2004) there is no local viscosity maximum peaking by a factor of around 50–100 in the midlower mantle, as proposed by Forte and Mitrovica (2001)
and Mitrovica and Forte (2004) on the basis of postglacial rebound and dynamic geoid modelling, while in
the depth-dependent viscosity model of Matyska and
Yuen (2005) this particular feature in the lower mantle viscosity profile is retained. The viscosity variations in the lower mantle caused by changes of temperature are not as strong as in the upper mantle but
they are nonetheless important in lower mantle dynamics, especially in D layer (e.g. Yuen and Peltier, 1980;
Olson et al., 1987). This is the reason why temperature-
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dependent viscosity has been included into our rheological model.
The presence of this post-perovskite phase change
at the base of the mantle has the potential of producing other unexpected symmetry-breaking features (e.g.
Schuster, 1984) in mantle dynamics, such as the difference in the fates between the descending slabs and
the hot upwellings, especially with the presence of two
physically competing mechanisms of variable viscosity
and radiative thermal conductivity. In this study, we will
monitor the differences in the behavior between the upwelling and downwellings for different amounts of lateral viscosity contrasts due to temperature and strengths
in the radiative thermal conductivity. Hauck et al. (1999)
and Dubuffet et al. (2000) have already found that subducting slabs undergo thermal assimilation much more
readily with the presence of variable thermal conductivity. This process would also be enhanced by negative
buoyancy caused by an upward undulation of the postperovskite phase interface and probably also by weakening of the bottom portion of the descending slab due
to the latent heat released from this phase transition and
the attendant rheological softening. In Section 2, we discuss about our numerical and physical models of variable
viscosity and radiative thermal conductivity. The results
comparing the interplay between rheology and radiative
conductivity are given in Section 3, where, in contrast to
past studies, we have also studied the interesting situation of an enhanced thermal radiative conductivity layer
only for the post-perovskite phase.
2. Model description
We have employed here the streamfunction formulation of 2-D thermal convection model within the extended Boussinesq approximation (e.g. Christensen and
Yuen, 1985), in which the surface dissipation number
Di = αs gD/cp (αs is the surface thermal expansivity, g
the gravity acceleration, D the thickness of the mantle
and cp is the specific heat under a constant pressure)
is set to 0.5. Standard values of the material properties
of the mantle have been used (e.g. Turcotte and Schubert, 2002). The mathematical description of this finitedifference numerical model has already been published
previously by Matyska and Yuen (2000, 2001, 2002).
One strong endothermic change depicting the spinel
to perovskite phase transition (spv), with the buoyancy parameter P appearing linearly in the momentum
equation P = (ρ/αs ρ2 gD)(dp/dT ) equal to −0.15 has
been included at the dimensionless depth z = 0.23 (this
corresponds to 670 km depth) where z ∈ 0, 1 is normalized by the depth D at the CMB (ρ is a reference av-
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erage density taken for the entire mantle, ρ the density
jump due to the phase change under consideration and
dp/dT is its Clapeyron slope). The second phase change
has been considered at the depth z = 0.92, which corresponds to a depth of 2650 km (see, e.g. Tsuchiya et al.,
2004). We consider an exothermic phase change with a
density change in the range of a couple of percent and
Clapeyron slopes between 8 and 10 MPa/K (Tsuchiya et
al., 2004). We note that the parameter range of P associated with the post-perovskite (ppv) transition is different
from the spinel to perovskite (spv) transition in that |P|
for spv is larger than in the case of ppv transition because of much larger density change, although |dp/dT |
is lower.
The variation in the dimensionless depth-dependent
thermal expansivity profile has been parameterized to
α(z) =

8
,
(2 + z)3

(1)

see, e.g. Zhao and Yuen (1987). Thus, the thermal expansivity decreases by 8/27 across the mantle.
Instead of using just the depth-dependence for describing the viscosity profile with a local maximum in
the mid-lower mantle (e.g. Ricard and Wuming, 1991;
Forte and Mitrovica, 2001; Mitrovica and Forte, 2004),
we have included a temperature-dependent portion f (T )
as well in a multiplicative manner in viscosity η(z, T ) =
η0 (z)f (T ), where η0 (z) is the particular viscosity profile
with a local maximum at around 1800 km in depth used
by Hanyk et al. (1995) for post-glacial rebound modelling and by Matyska and Yuen (2005) in mantle convection models with the post-perovskite transition. We
have elected to use η0 (z) because the peak of the viscosity
profile in the mid-lower mantle may be related to some
other physical transitions, such as electronic (Badro et
al., 2003; Li et al., 2005). T is the dimensionless temperature, T = 0 at the surface and T = 1 at the core–mantle
boundary. As the dimensional temperature T  is related
to T by means of the temperature increase T across
the mantle: T  = T (T0 + T ), the dimensionless surface temperature T0 = 0.08 corresponds to around 300 K
for a temperature increase T of 3600 K (van den Berg
and Yuen, 1998). The temperature-dependent part f (T )
is given by the Arrhenius form of a thermally activated
process, being proportional to exp(A/T ), where A is related to the activation energy of Newtonian mantle creep:



0.6
f (T ) = exp 10.0
−1
,
(2)
0.2 + T
e.g. Davies (1999). Taken together, we can write
down this particular composite temperature- and depth-

dependent viscosity relationship as
η(z, T ) = [1 + 214.3z exp(−16.7 (0.7 − z)2 )]
× min{FT , max{FT−1 , f (T )}},

(3)

where the functional dependence of z gives rise to the
lower mantle viscosity maximum. As to the prefactor FT
determining sensitivity of viscosity to temperature differences, we have chosen either FT = 10 or 100 in most
of the models. As the lateral lower mantle viscosity contrasts are estimated to be of O(103 ) from the activation
energy of perovskite around O(200 kJ/mol) (Marton and
Cohen, 2002) and high background lower mantle temperature of 3000– 4000 K, our choices of FT seem to be
able to produce sufficient lateral viscosity contrasts.
We have considered both constant dimensionless thermal conductivity k = 1 and variable dimensionless thermal conductivity in the form
k = 1 + g(z)(T0 + T )3 .

(4)

We have here neglected the temperature-dependence of
the phonon contribution to the thermal conductivity, because above the Debye temperature the lattice contribution to the thermal conductivity becomes a constant
(Hofmeister and Yuen, submitted for publication). The
second term describes the radiative transfer of heat. The
surface thermal conductivity ks is taken to be that from
olivine (e.g. Brown, 1986). The factor g(z) in Eq. (4) is a
measure of the importance of radiative heat transport. We
have employed the value g(z) = 10.0, which was already
used in the studies by Matyska et al. (1994) and Matyska
and Yuen (2005), as well as a weaker radiative term with
g(z) = 5.0. In the final model for the thermal conductivity we have considered g(z) = 10.0 only within the
bottom 240 km associated with the D layer, i.e. g(z)
expressing the magnitude of radiative thermal conductivity was set equal to zero above the post-perovskite
phase change boundary. This last model was motivated
by the fact that this phase change may be accompanied
by a change of opacity due to electronic rearrangements
(e.g. Badro et al., 2004; Li et al., 2005). In such a model,
we thus assume that the radiative heat transfer is nonnegligible only in the D layer and hence may be omitted
in the mantle above.
We have fixed both the surface Rayleigh number,
Ras ≡ ρs2 cp αs TgD3 /ηs ks = 107 (ηs is the surface viscosity and ks is the surface thermal conductivity) and the
dimensionless internal heating R ≡ QD2 /ks T = 3,
where Q denotes volumetric the heat sources throughout the mantle. This value corresponds approximately to
one-fourth of the whole-mantle chondritic heating (e.g.
Leitch and Yuen, 1989). Our internal heating employed
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is relatively modest because too much internal heating,
such as chondritic abundance of radioactivity in the presence of radiative thermal conductivity would increase the
temperature in the lower mantle too much as to cause
wholesale melting (van den Berg et al., 2002).
Note that the depth-dependence of thermal expansivity, the temperature-dependence of thermal conductivity
together with the depth- and temperature-dependence of
viscosity result approximately in the effective Rayleigh
number of more than one order of magnitude lower,
O(106 ) close to the CMB, which is an important factor
for maintaining the stability of the lower mantle plumes
(e.g. Hansen et al., 1993).
The final set of equations consists of the momentum equation, which becomes a fourth-order linear elliptic equation for the streamfunction ψ(x, z, t) with
both laterally and vertically varying coefficients because
of the presence of η(z, T ), where the dependence on
time t arises from a time-dependence of the inhomogeneous forcing term of this equation, which is due
to both thermal buoyancy and the two localized phase
transitions. This elliptic equation is solved by a conjugate gradient iterative scheme. The governing equation
for T represents a time-evolutionary advection–diffusion
equation, which is solved by a second-order Runge–
Kutta scheme in time and a second-order central finitedifference scheme in space. Most of the computations
have been carried out in a wide box with an aspect-ratio
of 10 to avoid the influence of side-boundaries, where
the reflecting boundary conditions were used. One calculation has been carried out in an aspect-ratio six box,
as done previously (Matyska and Yuen, 2005). We have
used 1281 × 129 equally distributed nodal points for the
computations in the box with the aspect-ratio of 10 and a
correspondingly reduced grid in the horizontal direction
for the model with the aspect-ratio reduced to 6. All of
our integrations have been carried out to at least 0.01
dimensionless time, corresponding to about the age of
the Earth. The results are thus represented in “statistical
equilibrium”, i.e. for the cases where the influence of the
initial conditions to integral quantities like averaged temperature or heat flow are negligible. In the terminology
of non-linear dynamics, we display the states, which are
close to the strange attractors of the studied non-linear
systems (see, e.g. Schuster, 1984).
3. Results
Matyska and Yuen (2005) previously focussed on the
influence of the ppv transition on the style of mantle
convection with only a depth-dependent viscosity (i.e.
with FT = 1). We have studied a range of buoyancy
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Fig. 1. Typical snapshots of the temperature field for a long time scale.
An endothermic phase change with P = −0.15 at the depth of 670 km
and an exothermic phase change with P = 0.10 at the depth of 2650 km
were included. Viscosity is only depth-dependent, i.e. FT = 1, see also
paper by Hanyk et al. (1995) and Mitrovica and Forte (2004). Panels obtained for constant thermal conductivity k = 1 show the plume–plume
interactions, whereas thermal conductivity with strong radiative term
(k = 1 + 10(T0 + T )3 ) results in a stable lower mantle superplume.
Dimensionless time-steps between the subsequent upper panels are
8 × 10−4 . The red color represents the maximum temperature, while
the dark blue color denotes the minimum temperature. The medium
temperature is given by the cold to warm transition from the green to
yellow color. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

parameters P in a box with an aspect-ratio of six. In
Fig. 1 we remind the reader of our previous results obtained for endothermic spinel to perovskite transition
with P = −0.15 and ppv transition with P = 0.1, which
corresponds to a strong exothermic phase change with
a significant positive Clapeyron slope dp/dT of around
10 MPa/K and density change of a couple of percent.
We can clearly see that the role played by the thermal
conductivity k can be crucial, as convection with constant k is characterized by a development of many lower
boundary layer instabilities, which are attracted to an already existing plume. We have found that such an event
is repeated many times during the temporal evolution.
The temperature contrast between the interior of plumes
and the ambient mantle is about 0.5 in the dimensionless unit which is rather high. On the other hand, with
radiative thermal conductivity we can discern the stabilization of mantle convection and the emergence of
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a more-or-less stationary large upwelling in the lower
mantle. Moreover, an increase of ambient mantle temperature resulted in lower temperature contrast between
the mantle and the plume, which seems to be more plausible (Dubuffet et al., 2002) and which is also important
for the dynamics of the D topography as discussed by
Matyska and Yuen (2005). The question then arises as to
whether these conclusions still remain valid in the case
of a more realistic temperature-dependent viscosity. To
avoid potential influence of the side-boundaries, we have
also increased the aspect-ratio of the convection box to
10. With a larger aspect-ratio box we can also monitor
better the dynamics of the cold downwellings. Since the
thermodynamic parameters of ppv transition became recently more fixed we need not consider the buoyancy
parameter to be a free parameter as in our previous study
but we have chosen only the magnitude of P = 0.1 here
to incorporate this phase change into the models.
First, we concentrated on the role played by the radiative heat- transfer in the absence of the ppv phase
change and demonstrated that the pattern of convection
again differs substantially, if we compare the temperature fields obtained for constant thermal conductivity
k = 1 with those for k = k(T ), where the radiative thermal conductivity is added. The results are summarized in
Fig. 2, see also Dubuffet et al. (2002) and van den Berg
et al. (2002) for the influence of radiative thermal conductivity. This effect is displayed here for a temperaturedependence of viscosity with FT = 10, which can thus
produce two orders of magnitude lateral change of viscosity. No ppv transition is considered, i.e. the only phase
transition is that at the depth of 670 km with endothermic buoyancy parameter P = −0.15. Purely constant
thermal conductivity, i.e. k = 1, results in lower average temperatures with unstable downwellings as well as
smaller unstable plumes, whereas in the case of strong
radiative conductivity superplumes are produced. Their
locations remain relatively stable but their internal dynamics is governed by generation of lower boundary
layer instabilities, which are being constantly attracted
to the superplumes (e.g. Vincent and Yuen, 1988).
The role played by the ppv transition in convection
dynamics is also interesting (see Fig. 3). In the case of
constant thermal conductivity, k = 1, the presence of ppv
transition, modelled here by means of the exothermic
buoyancy parameter P = 0.1, enhances the generation
of smaller unstable plumes, while the case with radiative thermal conductivity, k = k(T ), is characterized by
minor changes. There is a latent heat absorbed by superplumes from this positive Clapeyron slope phase change
but we have not found a remarkable change in superplume dynamics. Therefore, the patterns of mantle con-

Fig. 2. Typical snapshots of the temperature field in the calculations,
where an endothermic phase change with P = −0.15 at the depth
of 670 km and no phase change at the depth of 2650 km were included. Viscosity is also weakly temperature-dependent (FT = 10).
Results for both constant thermal conductivity k = 1 (with dimensionless time-steps equal to 10−3 ) and variable thermal conductivity k =
1 + 10(T0 + T )3 (with dimensionless time-steps equal to 4 × 10−4 )
are displayed.

vection in which large upwellings are developed (e.g.
Su and Dziewonski, 1991; Zhao, 2001, 2004) can be
obtained by an increase of thermal conductivity in the
lower mantle. The time-dependence of convection in the
k = 1 case can clearly be visualized by the streamlines.
On the other hand, variable thermal conductivity produces higher convective velocity, since an increase of
temperature due to the increase of thermal conductivity
yields a lower average viscosity with an abrupt increase
just at the cold downwelling and a greater buoyancy of
large upwellings, but the convection pattern in the lower
mantle remains stable. We emphasize here that the contour interval of non-dimensional streamlines is 100 and
is the same for all panels in the figures of this paper.
The dimensionless velocity is defined by the relation
v = (∂ψ/∂z, −∂ψ/∂x), where ψ is the streamfunction.
The maximal dimensionless velocity achieved in the bottom panel of the figure is thus about 5000. As the velocity is scaled by the factor ks /ρcp D, which is of the order
O(10−3 cm/year), such an velocity represents the dimensional value of about 5 cm/year.
In this study, we aim to focus our attention also on
the behavior of cold downwellings in the presence of
ppv transition. In order to capture better the differences
between the cold and hot areas, we have increased the
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Fig. 3. (a) The same as in Fig. 2 but an exothermic phase transition with P = 0.10 was added at 2650 km depth. (b) Streamlines of the mantle flow
corresponding to the temperature fields at each time-step shown in (a). The streamfunction is equal to zero on all sides of the box and the contour
interval of streamlines is 100 in dimensionless units. The contour interval is kept the same in all panels. The solid lines display the zero and negative
values and the dashed lines show the positive values of the streamfunction. (c) Decadic logarithm of dimensionless viscosity. Dashed lines show
negative values and solid lines mark zero and positive values. The contour interval is 0.5 in all panels.

temperature sensitivity of viscosity by the choice FT =
100, i.e. maximal admissible lateral changes of viscosity
are some four orders in magnitude. As the temperaturedependence of radiative thermal conductivity of k seems
to be crucial, we will now consider only the cases with
k = k(T ).

If there is no ppv transition, from time to time we can
obtain a cold downwelling, which extends from the surface down to the core–mantle boundary. Such a situation
is followed by detachment of a cold blob lying then at
the core–mantle boundary as displayed in Fig. 4. At first
glance, the convection dynamics in the presence of ppv
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importance of temperature-dependence of thermal conductivity in maintaining megaplumes, we have also included temporal developments of the temperature field
for a stronger temperature-dependence in the viscosity
(up to 104 ) in the presence of the ppv transition but with
a reduced radiative thermal conductivity, which is onehalf of our usual value (e.g. Matyska and Yuen, 2005),
i.e.
k = 1 + 5(T0 + T )3 .

Fig. 4. The same as in Fig. 2 but stronger temperature-dependence
of viscosity (FT = 100) was considered and only the case k = 1 +
10(T0 + T )3 is shown. Dimensionless time-steps between the subsequent panels are 8 × 10−4 .

transition (see Fig. 5), seems to be very similar to the previous case but the detachment of a cold blob occurs a little
earlier during the creation of subducting cold slab. Seismic tomography studies showed that stagnant cold slabs
are only directly visible in the shallow part of the lower
mantle (e.g. van der Hilst et al., 1991; Fukao et al., 1992;
Zhao, 2004). Possible explanation of this phenomenon
is that the exothermic post-perovskite phase change liberates some amount of heat and, moreover, is able to
slightly speed up downflow by additional negative buoyancy caused by a shift of phase change topography to
lower depths, which serves to cause slab-detachment in
the deeper lower mantle. We note that the heat liberated
is proportional to the product T (dp/dT ); both factors
are high for the ppv transition. Signs of layered convection can be discernible in the streamline patterns, which
clearly show maximum horizontal velocities just below
the 670 km interface. Moreover, a weaker small-scale
convection in the upper mantle is also present. Thus,
there exists a dynamical connection between this deep
mantle phase transition and upper mantle circulation in
our model.
Note that an increase of temperature sensitivity of viscosity resulted in its decrease outside cold downwellings
as it is clear from comparison of Figs. 3c and 5c. Nevertheless, the main characteristics of the lower mantle
dynamics – an interplay between large more or less stable hot upwellings and local cold downwellings – remain
similar in both cases due to the presence of a strong radiative heat transfer. In order to demonstrate further the

(5)

The radiative thermal conductivity is weaker by 50% and
the consequence of such a change is that the megaplume
structure is able to change its morphology to a cluster
consisting of smaller plumes (e.g. Schubert et al., 2004)
and does not appear as a single coherent entity (see Fig.
6). On the other hand, the interior temperature decreases,
which results in stronger cold downwellings, which are
less susceptible to slab-detachment.
In the last numerical experiment, we have studied an
end-member case, where a higher thermal conductivity
k = 1 + 10(T0 + T )3 is restricted only to a layer below
the ppv transition and the rest of the mantle is characterized by a constant conductivity k = 1. The results are
shown in Fig. 7. An increased thermal conductivity in
the bottom boundary layer alone is sufficient to produce
large hot upwellings at the bottom of the lower mantle.
Above these lower mantle upwellings, there is a hot low
viscosity layer just at the 670 km boundary, which was
revealed by Kido and Čadek (1997) below the oceanic regions. This result demonstrates the importance of the released latent heat associated with the endothermic phase
change, where the material from the superplume heads
penetrating the 670 km interface is heated up by both latent heat and viscous dissipation, which produce a local
increase in the temperature, this effect was studied in
detail by Steinbach and Yuen (1994) in convection models with only an endothermic phase transition at 670 km
depth and constant thermal conductivity. This layer then
becomes a source of secondary upper mantle plumes,
which are able to survive and are not diffused, as the
radiative heat transfer in this model is now considered
to be negligible everywhere except in the D layer. The
character of this partially layered convection is probably
even better demonstrated by means of the streamlines,
where the “two modes” of convection can be clearly recognized: “the first mode” consists of large lower mantle convection cells with a global character, whereas the
“second mode” is produced by a local upward penetration of the 670 km boundary, followed then by smaller
upper mantle convection cells, which are irregularly distorted in the horizontal direction due to interactions between these two modes of convection.
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Fig. 5. (a) The same as in Fig. 2 but an exothermic phase transition with P = 0.10 was added at 2650 km depth, stronger temperature-dependence
of viscosity (FT = 100) was considered and only the case k = 1 + 10(T0 + T )3 is shown. Dimensionless time-steps between the subsequent panels
are 8 × 10−4 . (b) Streamlines of the mantle flow and (c) decadic logarithm of dimensionless viscosity corresponding to the temperature fields at
each time-step shown in (a). All fields are constructed in the same way as in Fig. 3.

To further demonstrate details of heat transfer in such
a complicated model, we present the local Bullen parameter introduced by Matyska and Yuen (2002) in Fig. 7d.
Superadiabatic vertical gradient of temperature is characterized by values lower than 1 and subadiabatic gradient yields values higher than 1. At 670 km boundary, we
can clearly recognize both subadiabatic gradients caused
by local heating and superadiabatic layer, which is the
result of partial layering.
In order to summarize the influence of changes of
thermal conductivity and/or viscosity in our models to
obtained temperatures, we present typical geotherms (i.e.
horizontally averaged temperatures) of the four studied

cases in Fig. 8. We can see that an increase of temperature in the lower mantle can be substantial due to incorporating both radiative transfer of heat and temperaturedependence of viscosity. On the other hand, partial layering is typical only for the case, where an increase of
thermal conductivity was confined to the D layer. The
surface Nusselt numbers of our models lie usually between 15 and 30, corresponding to realistic geophysical
expectations (e.g. Mc Namara and van Keken, 2000).
However, partial layering obtained in the last model can
result in the surface Nusselt number slightly lower than
10, although the temperature in the lower mantle is relatively high. The influence of radiative thermal conduc-

204

C. Matyska, D.A. Yuen / Physics of the Earth and Planetary Interiors 154 (2006) 196–207

Fig. 6. The same as in Fig. 5a but with a weaker radiative thermal
conductivity term k = 1 + 5(T0 + T )3 was considered. Dimensionless
time-steps between the subsequent panels are 2.5 × 10−4 .

tivity is to decrease the temperature gradient in the D
layer, on which seismic constraints can be placed (e.g.
Kuo and Chen, 2005).
4. Discussion and concluding remarks
The recently discovered post-perovskite phase transition (Murakami et al., 2004) has important ramifications on mantle dynamics, because of its potential impact on amplifying the development of bottom boundary
layer instabilities. This salient point was driven home by
the calculations of both Nakagawa and Tackley (2004)
and Matyska and Yuen (2005), who demonstrated that
small-scale instabilities would prevail in the D layer.
In order to obtain any sort of large-scale upwellings,
as inferred for example by seismic modelling under
Africa (e.g. Ni and Helmberger., 2003), Matyska and
Yuen (2005) have found it necessary to invoke some
amount of radiative heat transfer in the presence of a
depth-dependent lower mantle viscosity. In this work, we
have further demonstrated this mechanism for producing
large-scale lower mantle upwellings is still effective even
with temperature-dependent viscosity, which tends to
produce short-wavelength instabilities (Yuen and Peltier,
1980; Olson et al., 1987). An increase of thermal conductivity from the T 3 radiative term thus exerts the most
impact in our convection models, as realistic velocities

of the order of 5 cm/year, which are similar to those of
subducting plates, are attained in the flow, in contrast to
lower velocities with constant thermal conductivity. On
the other hand, influence of buoyancy and/or latent heat
generated by the post-perovskite phase transition is only
of minor importance.
As demonstrated by our last model in which the radiative thermal conductivity is only restricted to the postperovskite phase (see Fig. 7), the flow fields are found to
be greatly influenced by the presence of radiative thermal conductivity, which acts in concert with the ppv transition. Much higher buoyancy is produced in the large
upwellings, which are endowed with a higher upwardcarrying capacity. Upon reaching the perovskite to spinel
transition, heat is liberated and a large pool of hot low
viscosity material is generated, which facilitates mechanical decoupling between the upper and lower mantle
circulations and results in partial layering, see also discussion of this decoupling mechanism in Cserepes and
Yuen (1997) and Čı́žková et al. (1999). On the other
hand, with constant thermal conductivity there are many
thin upwellings, which are not favorable to the production of a significant low viscosity zone under the 670 km
phase change, which was unveiled by Kido and Čadek
(1997) and modelled by Cserepes and Yuen (1997) and
Čı́žková et al. (1999). Thus, whole-mantle convection
is preferred in the case of constant thermal conductivity
with the ppv transition. The other consequence of both
higher buoyancy of lower mantle superplumes with a
lower viscosity is an increase of the convective velocity.
A basal layer with high thermal conductivity is thus sufficient to cause the formation of large-scale upwellings,
because of the non-linear heat diffusing effect at the base
of the plume. Results from purely layered conductivity
models of Yanagawa et al. (2004) also show that largescale upwellings are promoted by a thin high conductivity layer at the base of the mantle. This notion of a
high-conductivity layer has been suggested on geochemical grounds of iron infiltration from the outer core by
Manga and Jeanloz (1996). Alternatively, a high conductivity layer may also come from a putative layer of FeS,
which also has an unusually high thermal conductivity
(Hofmeister and Criss, 2005). Note here that recent work
by Kameyama and Yuen (submitted for publication) in
3-D has shown the same kind of physics as for 2-D.
The ultimate consequence of the post-perovskite transition at the base of the mantle, because of its peculiar
location close to the CMB, is to drive mantle convection toward a more asymmetric pattern. The favored
scenario would have large plumes in the lower mantle and secondary upwellings being launched from the
semi-impermeable boundary layer at the 670 km phase

C. Matyska, D.A. Yuen / Physics of the Earth and Planetary Interiors 154 (2006) 196–207

205

Fig. 7. (a) The same as in Fig. 5a but thermal conductivity with stronger radiative term, i.e. k = 1 + 10(T0 + T )3 , was employed only below the
2650 km depth, only constant conductivity contribution k = 1 was considered in the mantle above this interface. Dimensionless time-steps between
the subsequent panels are 3 × 10−4 . (b) Streamlines of the mantle flow and (c) decadic logarithm of dimensionless viscosity corresponding to the
temperature fields at each time-step shown in (a). These fields are constructed in the same way as in Fig. 3. (d) Local Bullen parameter of the
temperature fields displayed in (a).

change, while being supported from below by a low viscosity region (Kido and Čadek, 1997) and perhaps also
from the 400 km phase boundary due to Rayleigh–Taylor
instabilities induced locally by volatiles (Bercovici and
Karato, 2003; Gerya and Yuen, 2003). At the same time

many of the slabs would lose their thermal identity (e.g.
van der Hilst and Kárason, 1999) by the combined effects
of radiative thermal conductivity and latent heat release
by the post-perovskite transition. The downward cold
flow in the lower mantle would thus be dispersed. Thus
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Fig. 8. Typical geotherms (horizontally averaged dimensionless temperatures) of the cases displayed in Figs. 3, 5 and 7. The symbol Nu
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a gross asymmetry in the vertical heat and mass transfer,
accompanied by partial-layered convection, would develop under these circumstances, which would strongly
impact on the thermal history of the mantle. Since the
post-perovskite phase might not have formed in a young
hot Earth (Oganov and Ono, 2004), this asymmetric pattern might have prevailed only after a certain period in the
Earth’s thermal history. A strong secular change in the
bottom boundary condition for mantle convection is thus
a distinct possibility. Enhanced Joule heating (Braginskii
and Meitlis, 1987; Matyska and Moser, 1994) due to an
increase of electrical conductivity at the base of the mantle from electronic transitions (Badro et al., 2004; Li et
al., 2005) in the D layer can also influence the thermal–
electrical coupling between the core and the lower mantle. Finally, chemical variations on the dynamics of the
phase boundary are also significant and cannot be neglected in the future, since there are now some firm
experimental evidence that phase boundary distortions
can be significant with chemical variations (Mao et al.,
2004).
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