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We have investigated the influence of post-perovskite (ppv) viscosity on mantle convective dynamics and
stirring efficiency, using numerical modeling and simple analytical theory.
Our results show that the strength of ppv has a dramatic influence on convective dynamics. The presence of a
weak ppv enhances heat transfer across the bottom thermal boundary layer, resulting in higher tempera-
tures, lower mantle viscosities and considerably larger convective velocities. This leads to a significant in-
crease in stirring efficiencies with decreasing the ppv strength, by at least one order of magnitude.
In addition, using a simple parameterized convection evolution that includes the influence of ppv, coupled to
a mixing model, we show that during the long term history of the Earth's mantle, the presence of ppv yields
systematically hotter thermal evolution and more efficient convective stirring.
Such a strong effect of ppv strength on mantle stirring efficiency suggests that the influence of ppv phase
must be considered when interpreting both geochemical and geophysical observations.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Constraining the efficiency of stirring processes in the Earth's
mantle is essential to the interpretation of surface geochemical re-
cord. In such a context, even the deepest parts of the Earth's mantle
play an important role in influencing convective dynamics. The latter
tend to homogenize geochemical heterogeneities via the repeated ac-
tion of stretching and folding of mantle material (Hoffman and
McKenzie, 1985; Ottino, 1989).

In the last years, a perovskite (pv) to post-perovskite (ppv) phase
change occurring at deep mantle pressures was discovered by
Murakami et al. (2004) and was later confirmed by additional exper-
imental studies and ab initio calculations (Hirose et al., 2006; Oganov
and Ono, 2004, 2005). In addition to the latent heat release, the pres-
ence of this exothermic phase change affects the physical properties
of deep mantle material, such as density and compressibility (Boffa
Ballaran et al., 2007; Komabayashi et al., 2008), thermal expansivity
(Guignot et al., 2007), or thermal conductivity (Cheng et al., 2011;
Ohta, 2010), therefore suggesting the potential impact of ppv on
mantle convective heat transfer and dynamics.

For these reasons, several workers have studied the influence of ppv
on mantle convection using theoretical and numerical approaches in-
cluding various degrees of complexity (e.g., compressibility, presence
. Samuel), nic.tosi@gmail.com
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of compositional heterogeneities, variable heat transport properties or
depth-dependent rheologies) (Buffet, 2007; Hernlund et al., 2005;
Matyska and Yuen, 2006; Monnereau and Yuen, 2007, 2010;
Nakagawa and Tackley, 2004, 2006; Tosi et al., 2009). A main result of
these studies is that the presence of ppv leads to higher heat flux at
the core–mantle boundary and increases mantle temperatures. The oc-
currence of ppv lenses is also suggested as likely cause of lowermost
mantle heterogeneity inferred by seismic studies (Lay et al., 2006; van
der Hilst et al., 2007).

Recent studies also point out the possibility of strong viscosity dif-
ferences between the perovskite and the post-perovskite phases. The
magnitude and sign, however, of such a pv–ppv viscosity contrast re-
mains debated, with studies supporting the idea of a weaker ppv
(Ammann et al., 2010; Hunt et al., 2009), while others suggest that
a neutrally viscous or even a stronger ppv is possible (Karato,
2011). Investigations focusing on this pv–ppv rheological differences
have found that the ppv rheology has a first order influence onmantle
dynamics and thermal evolution (Čižkovà et al., 2010; Nakagawa and
Tackley, 2011; Tosi et al., 2010), significantly amplifying the influ-
ences already observed for ppv with neutral viscosity.

The efficiency of convective stirring is directly related to the ability
of material to deform (Ottino, 1989), therefore mantle viscous rheol-
ogy plays a central role in convective stirring. The effect of mantle vis-
cosity has been the focus of various studies (Tackley, 2007; van Keken
et al., 2003 and references therein). For instance, the influence of ver-
tical viscosity contrasts due to phase changes or spin transition was
investigated by means of numerical experiments (Coltice, 2005;
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Farnetani and Samuel, 2003; Naliboff and Kellogg, 2006, 2007; van
Keken and Ballentine, 1998). These studies concluded that an in-
crease in viscosity yields smaller deformation, hence larger mixing
times. Even a more gradual increase in viscosity due to lithostatic
pressure effects leads qualitatively to a comparable behavior (Hunt
and Kellogg, 2001). Similarly, local increase of viscosity due to com-
positional differences was found to reduce the efficiency of stirring
(Manga, 1996; Merveilleux du Vignaux and Fleitout, 2002). Other
forms of local variations of viscosity, either due to temperature-
dependent (Christensen and Hofmann, 1994; Samuel and Farnetani,
2003), grain size-dependent (Solomatov and Reese, 2008), or to
strain rate dependent rheologies (Ten et al., 1997) can also strongly
affect the efficiency of stirring.

The relationship between mantle rheology and convective stirring
illustrated by these studies naturally suggests that the presence of
ppv with distinct rheological properties would have a significant im-
pact on mantle stirring efficiency. However, this hypothesis has not
been previously tested nor quantified.

Therefore, we focus here on the impact of ppv strength on mantle
thermal evolution and convective stirring efficiency, using both nu-
merical modeling and analytical theory.

The paper is organized as follows: Section 2 describes the numer-
ical models and results used to investigate the effect of ppv on mantle
stirring efficiency. Section 3 presents simple scaling laws for the heat
fluxes and mantle temperatures in the presence of ppv with distinct
rheology. A simple mixing model in good agreement with the mea-
sured stirring efficiency is derived in Section 4. In the last Section 5
preceding the discussion and conclusions, the scaling laws for heat
flow and stirring efficiency are combined to test the impact of ppv
onmantle convective stirring efficiency through its long-term history.

2. Numerical experiments

2.1. Governing equations and method

We use the finite-volume code YACC (e.g. Tosi et al., 2010) to solve
the dimensionless conservation equations of mass, momentum and
thermal energy in a Cartesian domain of aspect-ratio 1:3. In the
frame of the Extended Boussinesq Approximation (e.g. King et al.,
2010), they respectively read:

∂jvj ¼ 0; ð1Þ

−∂jpþ ∂j η ∂jvi þ ∂ivj
� �� �

¼ Ra αT−
Rappv
Ra

Γ
� �

δjz; ð2Þ

DT
Dt

¼ ∂2jjT þ Di α vz T þ Tsð Þ þ Di
Ra

Φþ Di
Rappv
Ra

DΓ
Dt

γppv T þ Tsð Þ; ð3Þ

where vj are the components of the velocity, p is the dynamic pres-
sure, η the viscosity, Ra the thermal Rayleigh number, Rappv the
phase Rayleigh number associated with the pv–ppv transition, α the
thermal expansivity, T the temperature, Ts the surface temperature,
Di the dissipation number, Φ the viscous dissipation, γppv the Cla-
peyron slope of the pv–ppv transition and Γ the phase function. Fol-
lowing Christensen and Yuen (1985), the latter is defined as:

Γ ¼ 1
2

1þ tanh
zd−1−γppv T−T0

ppv

� �
w

2
4

3
5

8<
:

9=
;; ð4Þ

where zd is the depth,w the width of the phase transition and Tppv
0 the

temperature intercept of the Clapeyron curve at the core–mantle
boundary. Material constants and non-dimensional scaling are cho-
sen as in Tosi et al. (2010). Table 1 lists the values and definitions of
the non-dimensional numbers and of the parameters used for the
pv–ppv transition.

Velocity boundaries are impermeable and free-slip. Temperature
sidewalls are reflective, and horizontal boundaries are isothermal.
Depending on the ppv viscosity, up to 800×400 grid points were
used to discretize the spatial domain.

We measure the convective stirring efficiency using two Lagrang-
ian methods: the first determines the mixing time associated with
different wavelengths of heterogeneity following the approach of
Ferrachat and Ricard (2001). The second determines the value of
the maximum Finite Time Lyapunov Exponents (FTLE), λ+, as de-
scribed in Farnetani and Samuel (2003), and measures the rate at
which heterogeneities are stretched by mantle motions. These
methods were applied after each experiment had reached statistical
steady state. The latter is considered to be reached whenever the av-
erage mantle temperature has reached a constant value (statistically
speaking), which also corresponds to similar values of surface and
bottom heat fluxes.

2.2. Viscosity and thermal expansivity

The dimensionless viscosity η is assumed to be Newtonian and de-
pendent on dimensionless temperature and depth:

η zd; Tð Þ ¼ exp −ETð Þ 1þ 214:3zd exp −16:7 0:7−zdð Þ2
� �h i

: ð5Þ

For the temperature-dependent part (exponential term), we set
E= ln(103). This relatively low value prevents the formation of a
stagnant-lid. The depth-dependent part (term in square brackets) im-
plies a viscosity maximum in the mid lower mantle at a depth of
around 1800 km (Tosi et al., 2010). This is consistent with
geodynamic-based inversions of the geoid combined with mineral
physics (Forte and Mitrovica, 2001; Ricard and Wuming, 1991;
Steinberger and Calderwood, 2006) and several lower mantle con-
straints (Steinberger and Holme, 2008), as well as with molecular dy-
namics simulations of diffusion of MgO periclase (Ito and Toriumi,
2010).

The viscosity within the ppv-phase is:

ηppv ¼ Δηppv η zd; Tð Þ; ð6Þ

where the viscosity contrast between pv and ppv phase, Δηppv, was
varied from 10−4 to 10 depending on the model.

In models where the depth-dependence of the thermal expansiv-
ity is taken into account, α varies with the dimensionless depth zd as:

α ¼ 1þ 0:78zdð Þ−5 if 0≤zd≤0:23
0:44 1þ 0:35 zd−0:23ð Þ½ �−6:5 if 0:23bzd≤1:

(
ð7Þ

Eq. (7) implies an overall decrease of α by about one order of
magnitude throughout the mantle. The exponents 5 and 6.5 are
the Anderson–Grüneisen parameters for the upper and lower man-
tles, respectively. These values are consistent with experimental
measurements on olivine (Chopelas and Boehler, 1992) and perov-
skite (Katsura et al., 2009).

2.3. Results

Fig. 1 displays the temperature and velocity fields for four cases
with depth-dependent thermal expansivity, at statistically steady
state. Panel (a) corresponds to the reference case that has no ppv,
while panels (b–d) display cases with decreasing values of ppv vis-
cosity, starting from a stronger ppv (Δηppv=10, panel (b)) to weak
ppv ( Δηppv=10−2, panel (d)). The presence of a strong ppv leads
to colder mantle (Fig. 1b), and consequently thicker ppv patches.



Table 1
Non-dimensional numbers and parameters used for the pv–ppv transition. The sub-
script s refers to surface values. ρ indicates the reference density, κ the thermal diffu-
sivity, Cp the heat capacity, g the gravity acceleration, h the mantle depth and ΔT the
temperature drop across the mantle.

Definition Description Value

Ra ¼ ραsΔTh
3g

ηsκ s
Surface thermal Rayleigh
number

1.9×107

Rbppv ¼ δρppvh
3g

ηsκs
pv–ppv phase Rayleigh
number

2.7×106

Di ¼ αshg
Cp

Surface dissipation number 0.68
Tppv
0 Temperature intercept for

pv–ppv transition
3600 K

γppv Clapeyron slope for pv–ppv
transition (Tateno et al., 2009)

13 MPa K−1

δρppv Density contrast for pv–ppv
transition (Oganov and Ono, 2004)

67.5 kg/m3

w Width of the pv–ppv transition 25 km
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Conversely, mantle temperatures increase with decreasing the ppv
strength, leading to thinner ppv patches (Fig. 1c–d). Although for all
cases shown in Fig. 1 the pattern of convective currents is compara-
ble, the magnitude of convective velocities increases with decreasing
the ppv viscosity. This is the result of higher mantle temperatures as-
sociated with weaker ppv, which induce lower viscosities, and there-
fore higher convective vigor, in agreement with previous studies
(Nakagawa and Tackley, 2011; Tosi et al., 2010).

These effects of ppv strength on mantle convection can be ana-
lyzed in more detail in Fig. 2. The presence of a weaker ppv facilitates
the destabilization of the lower thermal boundary layer, which
strongly enhances the heat flux (Fig. 2a). As a result of the increase
in bottom heat transfer, the temperature rises significantly (Fig. 2b).
Such a temperature increase leads to a decrease in mantle viscosity,
which enhances the convective vigor, as illustrated in Fig. 2c, where
the Root Mean Squared velocities significantly increase with decreas-
ing Δηppv. Fig. 2d displays the distribution of the maximum Finite
Time Lyapunov Exponents, λ+, for cases corresponding to three
values of Δηppv. All distributions are Gaussian, reflecting the fact
that stirring is efficient. However, the case with strong ppv has the
smallest λ+ values, while the case with weak ppv has the largest
λ+ values. This indicates that the efficiency of convective stirring in-
creases with decreasing the ppv strength. Similarly, the measured
mixing times displayed in Fig. 3 show the same strong dependence
on the ppv viscosity. This suggests that the stirring efficiency is relat-
ed to the magnitude of convective velocities, as previously observed
in various geodynamic contexts (Coltice and Schmalzl, 2006;
Farnetani and Samuel, 2003; Samuel and Farnetani, 2003; Samuel et
al., 2011). In addition, a case with no ppv is also shown in Fig. 3 (tri-
angle), for which the mixing time is comparable to the case with a
‘neutrally’ viscous ppv (i.e., Δηppv=1). This shows that other effects
associated to the ppv phase transition (e.g., changes in density or la-
tent heat release) have a minor influence on mantle stirring efficiency
compared to that of the ppv strength.

Most of the results displayed in Figs. 2 and 3 correspond to cases
with variable thermal expansion. However, the same qualitative in-
fluence of the ppv strength is observed for cases with constant ther-
mal expansion coefficient. Quantitatively, the influence of ppv is
more pronounced for cases with variable thermal expansion, as illus-
trated in Fig. 2b and reported in Tosi et al. (2010).

3. Scaling relationships for the average mantle temperature

In order to provide more physical insights into the results de-
scribed in the previous section, we consider the energetics of a Bous-
sinesq fluid, convecting in a domain of thickness h, and volume
V=h3, in the infinite Prandtl number limit. The domain is heated
from below and cooled from above with a temperature difference
ΔT between the upper and lower surfaces (Fig. 4). The viscosity is
Newtonian and depends on the dimensional temperature, T, as de-
scribed in Eq. (5), ignoring the pressure dependence: η=η0 exp
(−E T/ΔT).

Denoting ΔTt and ΔTb the temperature difference across the upper
and lower thermal boundary layers, of respective thicknesses δt and
δb, and k the thermal conductivity, the heat fluxes across the upper
and lower surfaces are Qt=kΔTt/δt and Qb=kΔTb/δb. The system is
considered to have reached statistically steady state so that Q=Qt=Qb,
yielding:

Ti

δt
¼ 1−Ti

δb
; ð8Þ

where Ti is the equilibrium dimensionless internal temperature.
This domain is arbitrarily subdivided into three regions: an upper-

most region delimited by the thickness of the upper thermal bound-
ary layer δt, a central region representing the bulk of the mantle,
and a lowermost region whose thickness corresponds to the average
height of the post-perovskite hb, with the assumption that it includes
the lower thermal boundary layer thickness: hb>δb.

The energetics of mantle convection in the presence of post-
perovskite can be considered by estimating the total amount of dissi-
pated kinetic energy within the convective domain,Φtot ¼ ∫Vσ ij _ε ijdV ,
with σij and _ε ij the deviatoric stress and strain rate tensor compo-
nents. We start with the momentum Eq. (2) recast in dimensional
form and simplified by considering only the density changes due to
temperature variations (i.e., in the frame of the Boussinesq approxi-
mation):

−∇pþ∇⋅σ þ ραgTδjz ¼ 0; ð9Þ

where ρ is now the reference mantle density, T is the temperature
perturbation with respect to the average domain value, α is the (con-
stant) thermal expansion coefficient, and g is the acceleration of
gravity.

Following the approach of Chandrasekhar (1961) we take the sca-
lar product of the above momentum equation with the dimensional
velocity vector U=(Ux,Uy,Uz) and integrating over the whole domain
yields after some rearrangement:

−∫
V
∇⋅ U pð ÞdV þ ∫

V
p∇⋅U dV−∫

V
∇⋅ σ⋅Uð ÞdV−Φtot

þ∫
V
ρ α g T Uz dV ¼ 0:

ð10Þ

Due to the incompressibility constraint (Eq. (1)) the second term
in the above kinetic energy equation vanishes. Using the divergence
theorem, the first and third terms are recast as surface integrals,
yielding:

−∫S U pð Þ⋅dS−∫S σ⋅Uð Þ⋅dS−Φtot þ ∫V ραgTUz dV ¼ 0: ð11Þ

In a closed, impermeable domain with free slip or rigid boundaries
both surface integrals are equal to zero and we are left with:

Φtot ¼ ∫V ραgTUz dV : ð12Þ

Denoting Cp the specific heat at constant pressure and assuming
that convection is fully developed within the domain, the conserva-
tion of energy requires that ρCpUzT≅Q. Thus, the total amount of dis-
sipated kinetic energy (or viscous dissipation) is balanced by the total
amount of mechanical work performed by convection (i.e., the buoy-
ancy flux):

Φtot≅
Qαgh3

Cp
: ð13Þ
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The total amount of viscous dissipation can be decomposed as the
sum of the contribution of each of the three regions:

Φtot ¼ ∫z¼hb
z¼0

�Φ dzþ ∫z¼h−δt
z¼hb

�Φ dzþ ∫z¼h
z¼h−δt

�Φ dz ¼ Φb þΦi þΦt ; ð14Þ

where the bars indicate horizontally averaged quantities.
Fig. 5a and b display horizontally averaged temperature and vis-

cous dissipation profiles, respectively. In the absence of ppv phase
change (green profiles), the viscous dissipation is largest in the top
part of the upper thermal boundary layer. This maximum corre-
sponds to the work done in a small volume δt2 h to bend the coldest
(hence the strongest) part of the thermal boundary layer at a rate
∼Ut/δt before recycling slabs into the mantle, where Ut is the charac-
teristic velocity in the top region. Therefore, the viscous dissipation in
the top layer is (Conrad and Hager, 1999; Solomatov, 1995):

Φt∼η0
Ut

δt

� �2
δ2t h: ð15Þ



0

20

40

60

80

100

S
u

rf
ac

e 
N

u

Dimensionless time

Δηppv =0.01  

Δηppv =0.1 

Δηppv =1

Δηppv =10

0.00

0.25

0.50

0.75

A
ve

ra
g

e 
te

m
p

er
at

u
re

10-4 10-3 10-2 10-1 100 101

ηppv /η0

Experiments (variable α) 

Experiments (constant α)  

Ti= a0 / [1+a1 (Δηppv)
1/3], (a0=0.69, a1=1.37)

Ti= a0 / [1+a1 (Δηppv)
1/3], (a0=0.63, a1=0.31)

5000

10000

V
rm

s

Dimensionless time

Δηppv =0.01  

Δηppv =0.1 

Δηppv =1

Δηppv =10

0

10

20

30

P
ro

p
o

rt
io

n
 (

%
)

0.000 0.002 0.004 0.006 0.000 0.002 0.004 0.006

2000 4000 6000 8000

Lyapunov exponent λ+ 

Δηppv=10
−2

Δηppv=1 

Δηppv=10 

a

b

c

d

Fig. 2. Results of the numerical experiments including the ppv phase change, at statistically steady-state. (a) Time evolution of the surface Nusselt number for four values of
Δηppv=0.01,0.1,1.0,10. (b) Average dimensionless temperature, as a function of ppv strength Δηppv for case with constant (black) or depth dependent (red) thermal expansion
coefficient α. Each symbol represents a numerical experiment at statistically steady state. Curves are theoretical fits, using Eq. (27). (c) Time evolution of the RMS velocities for
four values of Δηppv=0.01,0.1,1.0,10. (d) Maximum Lyapunov exponent distributions for Δηppv=0.01,1.0,10. Panels a, c, and d correspond to cases with depth dependent thermal
expansivity. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

54 H. Samuel, N. Tosi / Earth and Planetary Science Letters 323-324 (2012) 50–59
On the contrary, in the lower thermal boundary layer the high
temperatures yield low viscosities, and therefore small dissipation
(Fig. 5a–b). However, if ppv is present and Δηppv≠1, the rheological
contrast between pv and ppv leads to an increase in viscous dissipa-
tion within the ppv region, where the fluid is sheared at a rate
500

1000

1500

2000

M
ix

in
g

 t
im

e 
(M

yr
)

10-4 10-3 10-2 10-1 100 101

Δηppv 

With ppv 

No ppv

Theory 

δ0/δm = 64 
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red curve represents the chaotic mixing model, Eq. (29).
∼(Ub/hb) therefore the viscous dissipation in the ppv region of vol-
ume hb h2 and average viscosity ηb=Δηppvη0 exp(−E Ti) is:

Φb∼ηb
Ub

hb

� �2
hb h2: ð16Þ

The convective velocities in the top and bottom regions can be
expressed using a boundary layer scaling:

Ut∼
κ h
δt

2 ; ð17Þ
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Fig. 4. Schematic representation of the convective domain at steady state:Qtop=Qbottom=Q.
See text for further definition of the symbols.
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Ub∼
κ h
δb

2 ; ð18Þ

where κ=k/(ρCp) is the thermal diffusivity, and ρ is the density.
As illustrated in Fig. 5b, the partitioning of Φtot into the differ-

ent regions is not equal and may show a complex dependence on
several parameters such as Δηppv, γ, E or α. However, regardless
of these complexities, it is reasonable to assume that both Φt and
Φb scale as Φtot (Jaupart and Mareschal, 2011). Therefore, using
Eq. (13):

Φt∼
Qαgh3

Cp
; ð19Þ

and

Φb∼
Qαgh3

Cp
: ð20Þ

Combining Eqs. (8), (15), (17), and (19) yields an expression for
the dimensionless thickness of the upper thermal boundary layer:

δt
h
∼Ra−1=3

0 : ð21Þ

Where Ra0=ρ g αΔTh3/(η0κ) is the Rayleigh number based on the
reference surface viscosity η0. Note that for values of E larger than
Table 2
Values of the parameters used for the thermal evolution model.

Reference parameter Symbol Value

Critical Rayleigh number Rac 1000
Earth radius Rt 6400 km
Earth core radius Rc 3500 km
Temperature scale ΔT 3000 K
Reference viscosity η0 1022 Pa s
Thermal diffusivity κ 10−6 m2/s
Thermal expansivity α 10−5 K−1

Density ρ 4500 kg/m3

Initial radioactive heat production Q0 90 TW
Radioactive decay time τ

r
3×109 yr

Specific heat at constant pressure Cp 1200 J kg−1 K−1

Acceleration of gravity g 10 m s−2

Activation energy for the viscosity law E 500 kJ/mol
what we used in our numerical experiments, a more appropriate rela-
tionship for δt would be (Solomatov, 1995):

δt
h
∼Ra−1=3

i ; ð22Þ

where Rai=Ra0 exp(−E Ti) is the Rayleigh number based on the
viscosity at T=Ti ΔT.

Similarly, the expression for the dimensionless thickness of the
lower thermal boundary layer is obtained using Eqs. (8), (16), (18),
and (20):

δb
h
∼Ra−1=3

i
hb
h

1−Tið Þ
Δηppv

" #−1=3

: ð23Þ

In our numerical experiments, the dimensionless thickness of the
ppv region is accurately described by the linear relationship:

hb
h

¼ 0:28 1−1:2 Tið Þ: ð24Þ

Re-writing Eq. (21), the average mantle temperature at (statisti-
cal) steady state Ti is:

Ti∼
1

1þ δb
δt

: ð25Þ

Using Eqs. (21), (23), and (24), the ratio of the thermal boundary
layer thicknesses appearing in Eq. (25) is:

δb
δt

∼ 1−Tið Þ 1−1:2 Tið Þ
Ti exp E Tið Þ

� �−1=3
Δη1=3ppv: ð26Þ

In the range Ti=[0.2−0.65] covered in our experiments, the first
term in the above equation varies around a mean by less than 15%.
Therefore one can reasonably approximate the ratio of thermal
boundary layer thicknesses as δb/δt∼Δηppv1/3 . Thus, using Eq. (25), the
expression for Ti becomes:

Ti≅
a

0

1þ a
1
Δη

1
3
ppv

; ð27Þ

where the scaling constants a0 and a1 can be determined by fitting the
results of the numerical experiments. Fig. 2 shows that Eq. (27) with
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(a0,a1)=(0.63,0.31) and (a0,a1)=(0.69,1.37) describes well the de-
pendence of Ti on Δηppv for cases with constant or variable thermal
expansion coefficient, respectively.
4. Chaotic mixing model

To better interpret the mixing times measured in the numerical
experiments we present a simple analytical model that follows
closely the approach described in Samuel et al. (2011) and refer-
ences therein.

We assume that the mechanical mixing is dominated by pure
shear deformation. This assumption is reasonable for time dependent
convective flows at Rayleigh numbers significantly larger than the
critical onset value (Coltice, 2005; Farnetani and Samuel, 2003;
Samuel et al., 2011). In this case a representative local velocity field
in the (x,z) plane can be described by a stagnation/hyperbolic point
flow of strain rate _ε: U= _εx;− _εzð Þ (Batchelor, 1967). Therefore, the
convergence/shrinking occurs along the z direction and the size δ of
a given heterogeneity close to the stagnation point shrinks as:

dδ
dt

¼ Uz δð Þ ¼ − _εδ: ð28Þ

The strain rate _ε is assumed to be related to the convective velocities
as: _ε∼ Ra0 exp E Tið Þ½ �2=3.

Integration of Eq. (28) with the assumption that _ε remains con-
stant yields the expression for the scale dependent mixing time τ
(given in Myrs) defined as the time necessary for a heterogeneity of
initial size δ0, undergoing mechanical stirring, to be reduced to a
given size δm:

τ ¼ c ln
δ0
δm

� �
Ra0 exp E Tið Þ½ �−2=3

; ð29Þ

where the proportionality constant c=1.2×108 Myr was determined
by least square fitting of the numerical experiments (Fig. 3).

Using Eq. (27) with the above expression, the predicted mixing
time as a function of Δηppv is in good agreement with the experimen-
tal results (Fig. 3). This confirms the interpretation of the numerical
experiments presented in Section 2.3.

5. Simple cooling model with post-perovskite

Eq. (29) can be used to predict the mixing times as a function of
the ppv strength for a given convective vigor which, in reality, is a
function of time t. Therefore, to test the influence of ppv on stirring ef-
ficiency over the long-term evolution of the Earth's mantle, it is useful
to consider a more realistic thermal history. Such a task can be per-
formed using parameterized convection models (Davies, 1980;
Schubert et al., 1980) that rely on a simple energy balance to describe
the evolution of the average temperature T over the whole mantle
V=4π(Rt

3−Rc
3
)/3 (i.e., corresponding to the spherical shell bounded

by the Earth's mantle outer and inner radii, Rt and Rc, respectively):

ρVCp
dT
dt

¼ Sb Qb−St Qt þ Qi; ð30Þ

where Cp and ρ are the mantle density and specific heat, St=4πRt
2
and

Qt are the top surface and heat fluxes, Sb=4πRc
2
and Qb their bottom

counterparts. Qi is the total amount of internal heat due to the disin-
tegration of radionuclides (U, Th, K), and decays with time according
to:

Qi ¼ Q0 exp − t
τr

� �
; ð31Þ

where τr=3×109 yr is the decay time, and Q0=90 TW is the initial
total amount of radioactive heat production.

The surface and bottom heat fluxes Qt and Qb are calculated using
Eqs. (22) and (23), respectively, assuming a proportionality constant
equal to the inverse of the critical Rayleigh number Rac:

δt ¼ h
Ra0
Rac

� �−1=3
; ð32Þ

and

δb ¼ h
Ra0
Rac

� �−1=3
exp

E T
3ΔT

� �
hb
h

1−Tð Þ
ΔT

η0
ηb

� �−1=3
; ð33Þ

where h=Rt−Rc. The dimensionless viscosity in the bottom region is
described by:

η
b

η0
¼ 1þ 1

2
1þ tanh 100

Tppv−T
ΔT

� �� �
Δηppv−1

� �
; ð34Þ
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where Tppv is the temperature at which the pv–ppv transition occurs
(i.e., in this 1D model where no information about the temperature
dependence with depth is available, Tppv is analogous to γ). For sim-
plicity we assume a constant ppv thickness hb=0.05h. Although our
numerical experiments suggest a linear dependence of hb with man-
tle temperature T (Eq. (24)), this simplification does not affect signif-
icantly the resulting thermal evolutions.

Table 2 lists the values of parameters used in Eq. (30). The latter is
integrated forward in time for 4.5 Byr, using a fourth-order Runge–
Kutta method, with the initial condition T(t=0)=T0=ΔT=3000K.

Fig. 6 displays the results of the parameterized model. The pres-
ence of weak ppv enhances the basal heating, resulting in hotter man-
tles. Due to the temperature dependence of viscosity, the cooling is
more efficient during the early history (Fig. 6a). During this short
time period, mantle temperatures decrease below Tppv, the threshold
at which the ppv occurs. The early appearance of ppv with different
viscosities triggers the development of temperature differences be-
tween the four thermal evolutions displayed in Fig. 6a. These differ-
ences grow with time, however at a decaying rate. The cases with
the weakest ppv have developed temperatures that are about 250 K
hotter than the case without ppv. Conversely, stronger ppv results
in colder mantle. However, in this case the effect on the thermal evo-
lution is much less pronounced (compare the green and the black
curves in Fig. 6a).

To investigate the influence of Tppv on the thermal evolution, cases
with identical values of Δηppv=0.01 (weak ppv), but with different
values of Tppv were considered and displayed in Fig. 6b. As expected,
the reference case with no ppv has the coldest thermal history. On
the contrary, the case with an early ppv appearance (i.e., highest
Tppv) has the hottest thermal history. An intermediate case with a
lower value of Tppv=0.5 (hence, a later ppv appearance) rapidly con-
verges toward the hottest thermal evolution. This typical behavior is
also observed for thermal evolutions without ppv starting with dif-
ferent initial temperatures. The non-linear feedback due to the
temperature-dependent viscosity yields a faster cooling for cases
with hotter mantles, resulting in similar thermal histories even for
models that start with a different initial condition. However, for a
smaller value of the pv–ppv transition temperature Tppv=0.4
(green curve), the appearance of ppv occurs about 2 Byr after the ini-
tial condition. In that case, although the thermal evolution also bifur-
cates toward hotter temperatures, the convergence toward the
hottest thermal history (red curve) is slower. Consequently, the
final temperature at t=4.5 Byr remains significantly colder than
the hottest cases (red and green curves). Therefore, the influence
of ppv on the thermal evolution strongly depends on the value of
Tppv that determines how early ppv appears during mantle thermal
history. In the case of an early appearance, the presence of weak
ppv leads to a significantly hotter mantle for a large time period.

As seen in the numerical experiments (Figs. 1 and 2), such differ-
ences in thermal evolutions should result in differences in convective
velocities, hence in stirring efficiencies. Using Eq. (29) together with
Eq. (30), one can calculate the time evolution of the instantaneous
mixing time τ at a given wavelength of heterogeneity, chosen here
to be 10−6. In other words τ represents the time necessary for con-
vective motions to reduce the size of a passive heterogeneity by a fac-
tor 106. This would correspond for instance to the time necessary to
reduce the thickness of a 10 km slab down to centimeter scale, at
which solid-state diffusion becomes significant. Fig. 6c displays the
result for cases with strong, neutral or weak ppv. As required by
Eq. (29), the stirring efficiency decreases with time as a result of cool-
ing. In the case with weak ppv, τ evolves rapidly toward values close
to 15 Myrs and 90 Myrs, for Δηppv=10−4 and Δηppv=10−3, respec-
tively. The time evolution of τ for cases with neutral and strong ppv is
more gradual, reaching values of mixing times at about 1100 Myrs
and 1280 Myrs, respectively. Throughout most of their histories, the
stirring efficiencies between strong or neutral ppv differ from that
of a weak ppv by a factor ∼10–100. These orders of magnitude differ-
ences in mixing times at final time are comparable or larger to what
we measured in our numerical experiments at statistically steady
state (Fig. 3).

6. Discussion

Clearly, the numerical experiments and the parameterized ther-
mal evolution coupled to the chaotic mixing model presented here
do not account for the diversity of Earth's mantle processes and
their complex interactions. It is good to keep in mind that the present
study is subject to a number of simplifications.

Our numerical experiments are carried out in 2D Cartesian geom-
etry, using a simple Newtonian rheology with a relatively small sensi-
tivity of viscosity to temperature, and pure basal heating. However,
the influence of ppv strength on mantle thermo-chemical evolution,
in spherical geometrywithmore Earth-like rheology andmixed heating
was recently investigated by Nakagawa and Tackley (2011). They con-
cluded that the presence ofweak ppv increases the heatflux andmantle
temperature and convective velocities, in good agreement with the re-
sults of our study. In addition, kinematic models have shown that the
presence of toroidal components absent in our 2D numerical experi-
ments could influence the efficiency on stirring processes (Ferrachat
and Ricard, 1998). However, as shown in Coltice and Schmalzl (2006)
the stirring efficiency in a convectingmantle is a function of themagni-
tude of convective velocities for both 2D and 3D geometries. Therefore,
we expect our main results on the influence of ppv strength on stirring
efficiency to hold for 3D convective systems.

Importantly, we have only considered Newtonian rheologies,
while the possibility of non-Newtonian ppv is suggested by experi-
mental work (Ammann et al., 2010). Using 2D numerical experi-
ments, Ten et al. (1997) have concluded that non-Newtonian
convective mixing is slower than Newtonian convective mixing in a
similar context (i.e., with comparable heat fluxes and velocities). Al-
though in these experiments the non-Newtonian regions spanned
the whole convective domain instead of a smaller area (as in the
models presented in this manuscript), the influence of strain-rate de-
pendent rheology could play a role, which remains to be investigated
dynamically.

Although our predicted value of mixing times (e.g., Fig. 3) are not
definitive, the magnitude of the differences between the cases with
distinct ppv strengths appears to be a robust diagnostic.

Nevertheless, additional investigations should be carried out in
the future, in order to better quantify the impact of ppv on Earth's
thermal and chemical history. In particular, the development of
more accurate scaling laws to characterize the thermal evolution of
a convective system in the presence of ppv needs to be performed,
by carrying out a systematic exploration of the parameter space,
such as the value of the Rayleigh numbers, the pv–ppv Clapeyron
slope and the viscous rheology, including strain-rate dependent vis-
cosity that might be appropriate for the ppv phase (Ammann et al.,
2010).

7. Conclusions

We have investigated the influence of post-perovskite strength on
Earth's mantle convective dynamics and stirring efficiency, using nu-
merical experiments and simple analytical theory. We show that the
viscosity of the post-perovskite phase can have a dramatic influence
on mantle convective dynamics: weak post-perovskite enhances the
destabilization of the bottom thermal boundary layer, increasing sig-
nificantly the heat flux. This yields an increase in mantle tempera-
tures that can be predicted, using simple energy scalings. This
increase in mantle temperature lowers viscosity, and enhances the
convective vigor.
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The stirring efficiencies measured in our numerical experiments
show a significant increase with decreasing the post-perovskite
strength. This observed influence iswell reproduced by a simple chaotic
mixingmodel. This indicates that mantle stirring efficiency is related to
the change in the magnitude of convective velocities triggered by the
presence of post-perovskite with distinct rheology.

By coupling this mixing model with a parameterized convection
evolution, we find that the presence of weak post-perovskite can in-
crease mantle convective stirring efficiency by at least one order of
magnitude. The influence of a weak post-perovskite on mantle ther-
mal evolution and convective stirring efficiency is maximized if the
post-perovskite phase appears early in the mantle thermal history.

Our results suggest that the effect of post-perovskite strength on
the thermal and chemical evolution of the Earth mantle must be
accounted for when interpreting surface observations such as heat
flow measurements and the geochemical record.
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