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a b s t r a c t

The discovery of extra-solar ‘‘super-Earth’’ planets with sizes up to twice that of Earth has prompted 
interest in their possible lithosphere and mantle dynamics and evolu tion. Simple scalings suggest that 
super-Earth s are more likely than an equivalent Earth-sized planet to be undergoing plate tectonics. 
Generally, viscosity and thermal conductivity increase with pressure while thermal expansivity 
decreases, resulting in lower convective vigour in the deep mantle, which, if extralopated to the largest 
super-Earth s might, according to conventional thinking, result in no convection in their deep mantles due 
to the very low effective Rayleigh numbe r. Here we eval uate this. First, as the mantle of a super-Earth is 
made mostly of post-perovskite we here extend the density functional theory (DFT) calculations of post- 
perovskite activation enthalpy of to a pressure of 1 TPa, for both slowest diffusion (upper-bound rheol- 
ogy) and fastest diffusion (lower-bound rhe ology) directions. Along a 1600 K adiabat the upper-b ound 
rheology would lead to a post-perovskite layer of a very high (�1030 Pa s) but relatively uniform viscosity, 
whereas the lower-bound rheology leads to a post-perovskite viscosity increase of �7 orders of magni- 
tude with depth; in both cases the deep mantle viscosity would be too high for convection. Second, 
we use these DFT-calcul ated values in statistically steady-state numerical simulations of mantle convec- 
tion and lithosphere dynamics of planets with up to ten Earth masses. The models assume a compressible 
mantle including depth-dependence of material properties and plastic yielding induced plate-like litho- 
spheric behaviour. Results confirm the likelihood of plate tecton ics for planets with Earth-like surface 
condit ions (temperature and water) and show a self-regulation of deep mantle temperat ure. The deep 
mantle is not adiabatic; instead feedback between inter nal heating, temperature and viscosity regulates 
the temperature such that the viscosity has the value needed to facilitate convective loss of the radiogenic 
heat, which results in a very hot perovskite layer for the upper-boun d rheology, a super-adiabatic perov- 
skite layer for the lower-bound rheology, and an azimuthally-averaged viscosity of no more than 
1026 Pa s. Convection in large super-Earths is characterised by large upwellings (even with zero basal 
heating) and small, time-dependent downwellings, which for large super-Earths merge into broad 
downwell ings. In the context of planetary evolution, if, as is likely, a super-Earth was extremely hot/mol- 
ten after it s formation, it is thus likely that even after billions of years its deep interior is still extremely 
hot and possibly substantially molten with a ‘‘super basal magma ocean’’ – a larger version of the pro- 
posal of Labrosse et al. (Labrosse, S., Hernlund, J.W., Coltice, N. [2007]. Nature 450, 866–869), although 
this depends on presently unknown melt–solid density contrast and solidus. 

� 2013 Elsevier Inc. All rights reserved. 
1. Introduction 

There is much interest in the possible structure and dynamics of 
large rocky planets (super-Earths) around other stars, which may 
exist around as many as 23% of stars (Howard et al., 2010 ). Initial 
studies focused on determining the radial structure of such planets 
ll rights reserved. 
(Seager et al., 2007; Sotin et al., 2007; Valencia et al., 2006, 2007b, 
2007c).

A first-order question is whether super-Earths are likely to 
experience plate tectonics, and this has so far been approached 
using simple models. Boundary-lay er theory, taking into account 
the increase in mean density with planet size (Valencia and 
O’Connell , 2009; Valencia et al., 2007a ) predicts that plate 
tectonics becomes more likely with increasing planet size; recent 
dynamical calculations and theory support this (Korenaga,
2010a; van Heck and Tackley, 2011 ). While one study finds the 
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Table 1
Quantities required for the viscosity of MgSiO 3 post-perovskite.

Pressure (GPa) glow
0

Hlow (eV) ghigh
0

Hhigh (eV)

131.6 2185 � 1030 3.4 40 � 1030 10.3 
505.4 1245 � 1030 7.1 95 � 1030 14.0 

1016.1 945 � 1030 9.6 180 � 1030 15.2
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opposite conclusions (O’Neill and Lenardic, 2007 ), it is argued in 
van Heck and Tackley (2011) that this might be a consequence of 
working in nondimension al space and not scaling all nondimen- 
sional paramete rs in a consistent manner with planet size. 

In general, viscosity and thermal conductivity increase with 
pressure while thermal expansivity decreases with pressure , all 
of which result in lower convective vigour in the deep mantle, 
which several studies have shown to result in large-scal e struc- 
tures in Earth’s deep mantle (e.g. Balachandar et al., 1992; Hansen 
et al., 1991, 1993 ). The pressure at the core-man tle boundary 
(CMB) of a ten Earth mass super-Earth is about ten times the pres- 
sure at Earth’s CMB (Valencia et al., 2009 ), so if these trends in 
physical properties continue, a super-Earth’s deep mantle would 
be expected to have a very low effective Rayleigh number and 
therefore, according to classical ideas, very sluggish or no convec- 
tion (e.g. Stamenkovic ´ et al., 2011 ). Stamenkovic ´ et al. (2012) found
using 1-D and 2-D evolution models with an estimated perovskit e
rheology that in fact the heat transport mode and viscosities de- 
pend on initial temperatures and time. The purpose of this study 
is to investigate the equilibrium thermal, rheological and convec- 
tive state of a planet with a post-perovskite rheology calculated 
using density functional theory (DFT).

Dynamical studies to date have generally not taken into account 
these large changes in viscosity , thermal expansivity and thermal 
conductivity with pressure . An exception is the study of van den 
Berg et al. (2010), who focussed on the influence of variable ther- 
mal conductivity on convection in super-Earths that are undergo- 
ing stagnant lid convection, finding that large thermal 
conductivity in the deep mantle results in strong coherent upwel- 
lings from the core-mantle boundary . They found that the temper- 
ature eventually adopts an adiabatic profile, as is normally found in 
convective systems. While they also included pressure-depen- 
dence of viscosity and thermal expansivity, they did not analyse 
their effects. Another exception is the study of Stamenkovic ´ et al. 
(2012), who used time-dependent 1-D paramete rized and 2-D con- 
vection models to investigate the influence of a strong increase in 
activation enthalpy with pressure, although they used average sca- 
lings for thermal expansivi ty and thermal conductivity .

Complicating the extrapolation of physical properties to higher 
pressure is the possible influence of phase transitions . The perov- 
skite (Pv) to post-perovskite (pPv) transition, occurring at a pres- 
sure of around 125 GPa, is well-establi shed. An important issue is 
whether post-perovskite remains stable to �1400 GPa, which is 
the pressure at the base of the largest super-Earth’s mantle. 
First-princip les calculations by Umemoto et al. (2006) indicated
that MgSiO 3 post-perovs kite may break down into constituent oxi- 
des (MgO + SiO 2) at around 1000 GPa. Recent laboratory experi- 
ments on the analog material NaMgF 3, however, questioned this 
finding (Grochols ki et al., 2010 ). Thus, for the purposes of this ini- 
tial study, we assume that post-pero vskite is the stable phase to 
the base of a super-Earth mantle. 

The physical properties of post-perovs kite are still being evalu- 
ated. Its viscosity is highly anisotropic. Ammann et al. (2010b) used
density functiona l theory (DFT) to calculate activation enthalpies 
for the different diffusion directions , finding differences of several 
orders of magnitude between them. Based on physical arguments 
they argue that diffusion creep will be controlled by the slowest 
diffusion direction while dislocation creep could be controlled by 
that the easiest diffusion direction, concluding that in this case 
the viscosity of post-perovskite could be 2–3 orders of magnitud e
lower than that of perovskite at the same pressure and 
temperature .

While study of Ammann et al. (2010b) focussed on the pressure 
range of Earth’s mantle, a key question for super-Ear ths is how the 
viscosity changes at up to 10 times this pressure. Thus, in this 
study we have extended these DFT calculations to calculate activa- 
tion enthalpie s for diffusion creep in post-pero vskite at pressure s
of up to 1 TPa. These values are then used in dynamical 
calculatio ns of mantle convection in super-Earths that also include 
reasonabl e physical variations of other parameters and yielding- 
induced plate tectonics. It has recently been argued that at very 
high pressures, deformation by interstitial diffusion may become 
more effective than by vacancy diffusion, possibly even causing 
in a decrease of viscosity with pressure along an adiabat (Karato,
2011). At present this possibility is not quantified so we will leave 
it to a future study. 

2. Rheology 

2.1. Density functional theory calculations 

Here we perform density functional theory (DFT) calculations of 
vacancy diffusion in post-perovskite using the method described in 
Ammann et al. (2008, 2010a, 2010b). Full details and accuracy tests 
are given in Ammann et al. (2010b) (main paper and Supplemen- 
tary material); here summarise the main points. The viscosity of 
post-pero vskite, assuming diffusion creep, is controlled by magne- 
sium diffusion and the effective diffusivit y, Deff, which limits the 
rate of deformation, can be well approximated by Deff = 5DMg.
The large anisotropy in diffusion implies a large viscosity spectrum 
lying somewhere between the two extremal cases of diffusion 
along x (lower bound) and along y (upper bound). We write the vis- 
cosity g as follows: 

g ¼ g0
G2kJT

Nv
exp

H
kT 

� �
ð1Þ

Here, G is the characteris tic grain size (in the Earth’s lower mantle 
somew here between 0.1 and 1 mm), Nv is magnesiu m-vacancy con- 
centration (in the lower mantle estimated to be around 10 �7�10�3),
H is the migrat ion enthalpy (given in the table below in eV) and k is
Boltzman n’s constant (8.617343 � 10�5 eV). Grain size and vacancy 
concentrat ions are chosen such that they well reproduce lower 
mantle viscosity profiles (Ammann et al., 2010a ) and are assumed 
to be similar in post-pero vskite (Amma nn et al., 2010b ); a similar 
vacancy concentrat ion is expected if, as seems probable, vacancies 
are mostly extrinsic rather than intrinsic. The prefactor is given 
by g0 = 1/(5a 2/3 l2mVmol) and is listed in Table 1. a is a geometrica l
factor (40/3 or 16/3 with or without grain boundary sliding respec- 
tively, the former was used here), l is the jump distance, Vmol is the 
molecu lar volume and m is the attemp t frequency times the expo- 
nential of the migration entropy (see Ammann et al., 2010a, 
2010b for details). Magnesium diffuses along y via six-jump cycles 
on the magnesiu m–silicon sublattice (Ammann et al., 2010b ). For 
simplic ity, we approximat e the six different jumps as one single 
jump with an effective migrat ion enthalpy, Hhigh, and attempt fre- 
quency (included in g0). For magnesiu m diffusion along x, the fast 
direction, no such simplification had to be made. 

The accuracy of this method was discussed and tested in Am-
mann et al. (2010b) (Supplementary information). Assuming that 
the difference between LDA (Local Density Approximati on) and 
GGA (Generalised Gradient Approximati on) values provides an 
estimate of the DFT uncertainties , then the energies are correct 
to within about 10%. The effect of modelled system size was 
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assessed by calculating the migration enthalpies in a 3 � 1 � 1 and 
a larger 3 � 1 � 2 supercell, and the values found to differ by less 
than 5% (in some cases less than 1%) between the two system-sizes 
(Ammann et al., 2010b , Supplement ary information ). System-s ize 
effects were investigated in more detail for periclase in Ammann
et al. (2012); it was found that migration enthalpie s change with 
system size non-linearly and are already converged to an accuracy 
of around 10% even in small cells, further supporting the 5% esti- 
mated cell-size effect in the present calculations. 

2.2. Analytical fit

In order to insert H(p) for post-perovs kite and perovskite into 
convection calculatio ns, it is necessary to fit the DFT-calcul ated 
values to an analytical expression. After trying theoretical (e.g.
elastic strain energy model) and ad hoc analytic forms, the follow- 
ing was found to give a good fit:

HðpÞ ¼ E0 þ pVðpÞ ð2Þ

VðpÞ ¼ V0 exp � p
pdecay

 !
ð3Þ

This was fit to the data in Ammann et al. (2008) for perovskite and 
to both the upper-bou nd and lower-b ound data in Table 1 for post- 
perovskit e. For the pressure range of Earth’s upper mantle an oliv- 
ine rheology is assumed (Karato and Wu, 1993 ). The resulting fit
of H(p) is plotted in Fig. 1a and the relevant param eters are given 
in Table 2. Clearly, the effective activation volume decreas es with 
pressure and is very low for post-pero vskite, dropping over the con- 
sidered pressure range from about 1.5 to 0.5 cm 3/mol for the upper- 
bound rheology and 1.3 to 0.6 cm 3/mol for the lower-boun d rheol- 
ogy. This is slightly lower than predicted by Wagner et al. (2011).
Consider ing total enthalpy , the estimates of Stamenkovic ´ et al. 
(2011) are within our bounds below 700 GPa, and above 700 GPa 
are at most 20% larger than our results. 
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Fig. 1. (Top): Activation enthalpy as a function of pressure for perovskite and post- 
perovskite. The points are from the density functional theory of Ammann et al. 
(2008) for perovskite and Ammann et al. (2010a, 2010b) and the present study for 
post-perovskite. The lines are the analytical fits. (Middle): Viscosity profile along 
the 1600 K adiabat for the upper-bound rheology. (Bottom) Viscosity profile along 
the 1600 K adiabat for the lower-bound rheology. 
3. Convection models 

3.1. Physical model and numerical method 

3.1.1. Viscosity 
Diffusion creep is assumed to be the dominant deformation 

mechanism , and is assumed to follow an Arrhenius law: 

gðT;pÞ ¼ g0 exp
HðpÞ
RT
� Hð0Þ

RT0

� �
ð4Þ

where H(p) is given by Eqs. (2), (3), g0 is the referen ce viscosity ob- 
tained at zero pressure and reference temperature T0, which is cho- 
sen to be 1600 K. As mention ed in Section 2.2, an olivine rheology is 
assumed for the pressure range of Earth’s upper mantle, a perov- 
skite rheology is assum ed in the perovs kite stability field and a
post-pero vskite rheology is used for higher pressures. For perov- 
skite, g0 is calculate d so as to give a factor 10 viscosity increase from 
the upper mantle to the lower mantle, while for post-perovs kite g0

is calculated so as to give either a factor 10 5 viscosity increase (for
the upper bound pPv rheology) or factor 100 viscosity decrease (for
the lower bound pPv rheology) at the Pv–pPv transitio n. The former 
increase is consiste nt with Ammann et al. (2010b) while the de- 
crease is somewhat less than the 4–5 orders of magnitu de esti- 
mated in Ammann et al. (2010b) in order to be conserva tive 
regarding the possible weakn ess of pPv. For this initial study, vis- 
cosities in Earth’s mantle’s pressure range are about 2 orders of 
magnitud e higher than realistic, with upper mantle g0 = 10 21 Pa s
(resulting values for other phases are listed in Table 2), in order 
to allow us to resolve convectio n in a super-Ea rth with reasonabl e
computa tional resources. 

As discussed in Ammann et al. (2010b), diffusion creep is likely 
to be controlled by the upper bound rheology; thus we perform a
suite of simulatio ns using this. For the sake of comparison, we also 
perform simulations with the lower bound rheology, which may be 
relevant to dislocation creep (although for simplicity we here use a
linear stress–strain rate relationship for both bounds).



Table 2
Parameters for H(p) analytical fit (Eqs. (2)–(4)).

Mineralogy E0 (kJ/mol) V0 (cm3/mol) pdecay (GPa) g0 (Pa s)

‘‘Upper mantle’’ 300 5.00 1 1021

Perovskite 370 3.65 200 3.00 � 1023

Post-perovskite lower bound 162 1.40 1610 1.90 � 1021

Post-perovskite upper bound 780 1.70 1100 1.05 � 1034

Table 3
Fit of Birch–Murnaghan equation of state parameters for four mantle mineralogies, 
plus assumed zero-pressure Gruneisen parameter. 

Mineralogy K0 (GPa) K0 c0

‘‘upper mantle’’ 163 4.0 1.3 
‘‘transition zone’’ 85 4.0 0.85 
‘‘perovskite’’ 210 3.9 1.3 
‘‘post-perovskite’’ 210 3.9 1.3 

P.J. Tackley et al. / Icarus 225 (2013) 50–61 53
Illustrative resulting viscosity profiles for upper mantle 
g0 = 10 21 Pa s calculated along an adiabat with a 1600 K potential 
temperature (see next section for relevant physical properties)
are plotted in Fig. 1b. Interestingl y, while the upper-boun d pPv vis- 
cosity is extremely high at >10 30 Pa s, it remains approximat ely 
constant with pressure , first increasing by �1 order of magnitude 
then decreasing by �2 orders of magnitude. This is because the vis- 
cosity depends on the ratio H(p)/Tadiabat(p), and the adiabatic tem- 
perature increases in about the same proportion with pressure as 
H(p). Nevertheles s, convection would not take place if the viscosity 
were this high. The lower-bo und pPv viscosity, in contrast, in- 
creases by �7 orders of magnitude along an adiabat from 130 to 
1400 GPa. With the assumed absolute viscosities this results in a
viscosity of �1030–1031 Pa s near the CMB in a 10 ME super-Ear th, 
which would be enough to stop convection in this region. Even so, 
this is a much lower increase than the �15 orders of magnitud e
predicted by Stamenkovic ´ et al. (2011) based on perovskit e rheol- 
ogy extrapolated using idealised laws. On the other hand, it is a
much larger increase than predicted by Karato (2011) based on 
simple extrapolations. It is possible that a larger viscosity increase 
than we predict could occur if extrinsic vacancy concentratio n de- 
creases with pressure, due to changes in element partitioning (e.g.,
Fe3+ and Fe 2+) or growth of a new phase, whereas we assume a con- 
stant extrinsic vacancy concentratio n. However, there is currently 
little experime ntal evidence that extrinsic vacancies change signif- 
icantly with pressure. Neverthel ess, one must accept that that va- 
cancy concentr ations in super-Earths are uncertain. Larger 
diffusion-cr eep viscosities would also occur if grain size becomes 
larger at higher pressure because the higher temperature s cause 
more rapid grain growth, as suggested by Stamenkovi ć et al. 
(2011).

This difference in the pressure scaling of lower- and upper- 
bound viscosities is due to anisotropic compression of the lattice. 
Diffusion in the 100 and 001 directions requires dilation in the 
101 direction. This is the most compressible direction and so with 
pressure will become stiffer quicker than in the other two direc- 
tions. Thus, increasing pressure slows diffusion in the 100 and 
001 directions to a greater extent than diffusion in the 010 direc- 
tion (the slowest one). Note that the ‘‘lower-b ound’’ viscosity as- 
sumed here is 2–3 orders of magnitude higher (compared to Pv)
than predicted in Ammann et al. (2010b) in order to be conserva- 
tive; if we plotted the latter then it would always be substantially 
lower than the upper-bound viscosity. If the lower bound is rele- 
vant to dislocatio n creep, then the power-law rheology associated 
with dislocation creep would likely further reduce the viscosity in- 
crease, because Christensen (1984) showed that power-law rheol- 
ogy can be approximat ed by Newtonian rheology with its 
activation enthalpy reduced by factor n, the power-law index. 

Plastic yielding occurs at high stresses, giving a first-order
approximat ion of plate tectonics (Moresi and Solomatov, 1998; 
Tackley, 2000; Trompert and Hansen, 1998 ). The pressure- 
dependent yield stress is given by a combination of brittle and 
ductile processes as: 

rc ¼ min cf p;rduct þ r0ductp
� �

ð5Þ

where cf is the Byerlee’s law friction coefficient, rduct is the ductile 
yield stress and r0duct is the pressure gradient of ductile yield stress, 
which prevents yielding in the deep mantle. Values are given in Ta-
ble 4. For the smallest planet case, rduct had to be reduced by a fac- 
tor of 2 in order to avoid the stagnant lid mode of convectio n. 

The effective viscosity, combinin g diffusion creep and plastic 
yielding, is given by: 

geff ¼ g�1
diff þ

2 _e
rY

� ��1

ð6Þ

where _e is the second invariant of the strain-rat e tensor. 
Finally, the viscosity is truncated between 10 19 and 10 40 Pa s

(using simple min and max functions) in order to facilitate numer- 
ical solution. 

3.1.2. Density 
A Birch–Murnaghan third order equation of state is used to re- 

late density to pressure and calculate bulk modulus K. For simpli- 
fication, rather than consider all mineral phases present the mantle 
is divided into ‘‘upper mantle’’, ‘‘transition zone’’, ‘‘perovski te’’ and 
‘‘post-per ovskite’’ mineralogies, with different parameters (K0, K0

and q0) for each, which are chosen to match the widely-u sed Earth 
model PREM (Dziewons ki and Anderson, 1981 ). Obtained values 
are listed in Table 3 and the resulting density profile along the ref- 
erence adiabat is given in Fig. 2b.

3.1.3. Thermal expansivity 
The thermal expansivity depends on pressure and is given by: 

a ¼ qcCp

K
ð7Þ

where the pressure-d ependent density q and bulk modulus K are
calculate d as described above, the specific heat capacity Cp is as- 
sumed constant, and Gruneisen parameter c is given by: 

c ¼ c0
q0

q

� �
ð8Þ

This leads to the profile in Fig. 2c. The effect of Gruneis en paramete r
decreasin g with density (pressure) is to give a stronger decreas e of 
therma l expansiv ity with pressure, and therefore decrease the adi- 
abatic temperatur e gradient, making the interior cooler (hence
more viscous) than would be predicted with a constan t Gruneisen 
paramete r. Thermal expansiv ity decreases to about 0.9 � 10�5 K�1

at Earth’s CMB pressure, consistent with mineral physics con- 
straints (Chopelas and Boehler, 1992; Katsura et al., 2010; 
Komaba yashi et al., 2008; Mosen felder et al., 2009 ), and to about 
1.5 � 10�6 K�1 at 1400 GPa, which appears to be consiste nt with 
that estima ted by Stamenkovic ´ et al. (2011) using a completely dif- 
ferent approac h. 



Table 4
Values of various constant properties. 

Property Symbol Value Units 

Conductivity: surface k0 3.0 W/m K
Heat capacity Cp 1200 J/kg K
Surface temperature Tsurf 300 K
Internal heating rate H 5.2 � 10�12 W/kg 
Friction coefficient cf 0.1 –
Yield stress (p = 0) rduct 50 (1 ME) MPa 

100 (3–10 ME)
Yield stress pressure gradient r0duct 0.01 –
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This leads to the adiabatic temperature profile given in Fig. 2a,
in which a 1600 K surface temperature increases to �2350 K at 
Earth’s CMB pressure and �3630 K at a 10 ME super-Earth’s CMB. 
This corresponds to mean dissipation numbers (given by log(Tcmb/
Tsurf)) of 0.38 and 0.82, respectively. The dissipatio n number gives 
an indication of the importance of viscous dissipation and adia- 
batic heating in the global energy balance (Backus, 1975; Hewitt 
et al., 1975; Jarvis and McKenzie, 1980 ). Thus, despite the much 
higher pressure, these terms are only �twice as important as they 
are in Earth. 

3.1.4. Thermal conductivity 
The thermal conductivity is k = qCpj, where the thermal diffu- 

sivity j is given by: 

j ¼ j0
q0

q

� ��1

ð9Þ
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Fig. 2. Pressure-dependence of density, thermal expansivity and the
This gives a moderate increase of k with pressure that is consistent 
with findings from a recent mineral physics study (de Koker, 2010 )
although other studies estimate higher values (Goncharo v et al., 
2009; Hofmeister, 2008 ). The surface value of k is 3.0 W/K/m, and 
over Earth’s mantle’s pressure range it increases to 7.2 W/K/m. This 
treatment does not include the radiative component. It is plausible 
that the radiative component might be important at the high tem- 
peratures obtained deep in super-Ea rths, but for simplici ty it will 
not be considered in this initia l study. 
3.1.5. Constant properties and boundary conditions 
Internal heating rate per unit mass is assumed constant, as is 

heat capacity Cp. Acceleration due to gravity g is also assumed to 
be constant but varies with planet size. In Earth’s mantle this is a
good approximat ion because g varies by only �8% according to 
PREM (Dziewons ki and Anderson, 1981 ). In a 10 ME super-Earth
g may change by a somewhat larger factor, but as this is smaller 
than the uncertainties in most other physical parameters, it is rea- 
sonable to ignore it and assume a constant value. This constant va- 
lue is set so as to give the correct pressure at the CMB for a planet 
of a given size. 

The surface is assumed to be isothermal with a temperature of 
300 K, while the CMB is also assumed to be isothermal, with a tem- 
perature that is adjusted each time step to give zero net heat flow.
Zero net CMB heat flow is an idealisation made for this initial study 
because we have no idea what the CMB temperature is in super- 
Earths: predicting this requires detailed modelling of their evolu- 
tion from a hot initial state, which has so far only been done using 
paramete rized models (Kite et al., 2009; Papuc and Davies, 2008; 
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rmal conductivity, and the resulting 1600 K adiabat, as labelled. 



Table 6
Phase transitions and properties. All Clapeyron slopes are set to 0. 

Depth (km) Temperature (K) Dq (kg/m3)

Olivine–spinel–perovskite–postperovskite
410 1600 280 
660 1900 400 

2740 2650 60 

Pyroxene–garnet–perovskite–post-perovskite
60 0 350 

400 1600 100 
720 1900 500 

2700 2650 60 
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Tachinami et al., 2011 ; Stamenkovi c et al., 2012) – we plan in fu- 
ture to do this for super-Earths with pressure -dependent viscosity 
using full convection models. In Earth, it is generally thought that 
heat from the core provides only a small fraction of the global heat 
budget (Davies and Richards, 1992; Jaupart et al., 2007; Schubert 
et al., 2000 ), therefore this is a reasonable first-order approxima- 
tion to ignore it. Both boundaries are mechanicall y free-slip. 

3.1.6. Planetary dimensions 
It is assumed that the relative masses of the mantle and core, as 

well as their compositi ons, are the same as those of the Earth. For a
given planetary mass, the planetary radius, CMB radius and the 
average g for the mantle are calculated using a Matlab script that 
calculates a 1-D profile of the planet by integrating with pressure 
the equations given above, and iterating on planet size until the 
mass and size match. The results are in Table 5. These dimensions 
and the mean g are then used as input parameters for the convec- 
tion calculations . These numbers are slightly different from those 
calculated by Valencia et al. (2006) because they assumed a pure 
iron core whereas here the parameters are tuned to match PREM 
(Dziewonski and Anderson, 1981 ). These differences are typically 
of order �few%; up to 9% for pressure at the CMB, which reflects
the general uncertainty in calculating high-pressure properties 
and will not make a significant differenc e to the convectio n results 
presented here. 

3.1.7. Phase transition s
Phase transitions are included, as in our previous studies for 

Earth (e.g. Nakagawa and Tackley, 2005b, 2011; Tackley and Xie, 
2003), but we here set all Clapeyron slopes to zero in order to re- 
duce the number of complexities influencing the convection; phase 
transitions thus influence only the radial density profile and the 
viscosity. The reader is referred to publications referenced above 
for full details on the assumpti ons and implementation. In brief: 
two sets of phase transitions are included: those for olivine and 
those for pyroxene–garnet, and it assumed that the mantle is 
60% olivine and 40% pyroxene–garnet. Table 6 gives the included 
phase transitions . For super-Earths , depths are scaled inversely 
with mean gravitational acceleration listed in Table 5.

3.1.8. Solution method 
The physical model is solved using the numerical code StagYY 

(Tackley, 2008 ) in a two-dimensional spherical annulus (Hernlund
and Tackley, 2008 ). StagYY uses a finite-volume discretisation of 
the governing compressib le anelastic equations, and either a mul- 
tigrid solver or a direct solver to obtain a solution. For the present 
calculations the direct solver UMFPAC K (Davis, 2004 ) is used, and 
is accessed using the PETSc toolkit (Balay et al., 2012 ; http://
www.mcs.a nl.gov/petsc ). For this study, dimensio nal units are 
used throughout because most nondimension al parameters in- 
volve the mantle depth D as the length scale, so changing planet 
size would result in almost all nondimension al parameters chang- 
ing, but only a few dimensio nal parameters changing. For this ini- 
tial study, calculations are run to a statistical ly steady-state, at 
which quantities such as heat flux, mean temperature and rms. 
velocity fluctuate about a mean value that does not have a secular 
Table 5
Calculated dimensions and mean gravitational acceleration of the mantle as a
function of planet mass. 

M/ME R (km) Rcmb (km) hgimantle (m/s2) Pcmb (GPa)

3 8578.0 4602.1 16.996 388.4 
5 9823.6 5186.8 22.062 657.9 
7 10,703 5597.6 26.382 944.5 

10 11,683 6063.5 32.076 1400 
change. This can take billions of years of simulated time. The 
numerica l resolution depends on planet size: higher resolution is 
needed for larger planets. When a statistically steady-state is 
reached the solution is continued at twice the resolution in both 
directions in order to check that it does not change significantly. 
The highest resolution used was 128 points in radius by 1024 
points in azimuth, with radial grid spacing decrease d by a factor 
of 2–3 towards the surface in order to adequately resolve the 
lithospher e. 

3.2. Results 

3.2.1. Upper bound rheology 
Fig. 3 shows temperature and viscosity fields for all five planet 

sizes and the upper bound rheology . The existence of downwel- 
lings with a low temperature and high viscosity in all planet sizes 
indicate a mobile-lid tectonic mode, i.e. the lithosphere can ‘‘sub- 
duct’’. If instead the stagnant lid mode were present then downw- 
ellings would have a very small temperature contrast of order the 
rheologic al temperature scale (Solomatov, 1995 ) and would there- 
fore be barely visible or invisible in these plots. Inspection of the 
viscosity fields indicates a thin high-viscosity lithospher e; thinner 
on larger planets as expected from basic scalings (e.g. Valencia
et al., 2007a; van Heck and Tackley, 2011 ). This mobile lid tectonic 
mode is not exactly Earth-like plate tectonics, however: ‘‘slabs’’ 
seem to aggregate into large-scale highly viscous downwellin gs 
due to the slow, large-scal e flow enforced by the high-viscosi ty 
post-pero vskite layer. 

Sluggish convection exists in the deep mantles of all planet sizes 
because the post-perovs kite layers are hot and therefore the vis- 
cosity is lower than that predicted along a reference adiabat: in 
the range 10 22–1028 Pa s. Several large-scale hot plumes emanate 
from a particular ly hot region near the CMB, despite the lack of 
heat from the core. These large-scale plumes feed narrow plumes 
in the perovskite layer (visible particularly in the viscosity field).

3.2.2. Lower bound rheology 
Fig. 4 shows temperature and viscosity fields for all five planet 

sizes and the lower bound rheology. Again, the existence of 
downwe llings with low temperature s and high viscosities in all 
planet sizes indicates that the lithosphere is in a mobile lid, and 
not stagnant lid, tectonic mode. The lithosphere is generally strong 
but with some weak zones, and one or more subducted ‘‘slabs’’ are 
visible. In the smaller planets (1–3 ME) the slabs eventually sink to 
the deep mantle, but in larger planets they stop before sinking that 
far, although they do sink into the post-perovskite layer. In larger 
planets ‘‘slabs’’ aggregate into large, broad downwellin gs, as in 
the upper-boun d cases (Fig. 3).

The thermal structure in the deep mantle changes dramatically 
with planet size. In small (1–3 ME) planets, subducted material 
sinks to the region above the CMB resulting in a cool, subadiabati c
deep mantle. In the viscosity plot the strong lithosphere, relatively 

http://www.mcs.anl.gov/petsc
http://www.mcs.anl.gov/petsc


Fig. 3. Representative viscosity (left column) and temperature (right column) fields for the upper-bound rheology and all five planet sizes. For clearer visualisation the 
viscosity is truncated at 10 28 Pa s, which is lower than the 10 40 Pa s truncation used in the numerical calculations. 
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weak upper mantle, and the cool, higher-viscos ity region in the 
deep mantle are clearly visible. Large (5–10 ME) planets display 
quite different behaviour. The deep mantle is very hot–hot enough 
that material can flow due to the temperature -dependence of vis- 
cosity. Several large plumes form from this hot material (despite
zero net heat flow across the CMB) and rise to the base of the lith- 
osphere. The deep-mantle viscosity is high, but not as high as it 
would be along an adiabatic temperature profile. Slabs pool above 
this deep high-viscosi ty region. 

Thus, all size planets have a relatively high viscosity in the deep 
mantle but for different reasons. In small planets it is caused by 
cold slabs pooling, whereas in large planets it is caused by the 
intrinsic increase of viscosity with pressure. The deep mantle tem- 
perature is quite different: subadiab atic in small planets but super- 
adiabatic in large planets. 

3.2.3. Radial profiles
These findings are emphasised in profiles of azimuthally-aver -

aged temperature and viscosity (Fig. 5). For upper-boun d cases, 
the temperature in the post-perovskite region is strongly elevated 
above the 1800 K adiabat – by around 1000 K near the base of their 
mantles. As a result, the azimuthally- averaged viscosity is much 
lower than that predicted in Fig. 1, being in the range 10 25–
1026 Pa s in most of the pPv layer, but decreasing to �1024 Pa s near 
the base of the post-perovs kite layer. The pPv layer is around 2–3
orders of magnitud e more viscous than the perovskit e layer. 



Fig. 4. Representative viscosity (left column) and temperature (right column) fields for the lower-bound rheology and all five planet sizes. For clearer visualisation the 
viscosity is truncated at 10 28 Pa s, which is lower than the 10 40 Pa s truncation used in the numerical calculations. 
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The lower-bound cases display distinctly different radial pro- 
files, but also with higher than adiabatic temperat ures. Up to 
�300 GPa, temperature profiles are either adiabatic (5–10 ME) or 
subadiabati c (1–3 ME). Above 300 GPa, the temperature profile is 
super-adiab atic, following approximately the same profile for all 
planet sizes 5–10 ME, except towards the base of the largest plan- 
ets (5–10 ME), where the temperature increases more rapidly. Vis- 
cosity profiles show an increase of viscosity with pressure at lower 
pressures, but once the viscosity has reached �1025–1026 Pa s it 
does not increase any further. 

Thus, there is a self-regulati on of viscosity due to the fact that in 
equilibrium , each part of the mantle must be losing its radiogen i- 
cally-produced heat. If, at some time, the viscosity is too low (tem-
perature is too high) then convection will be more vigourous and 
cooling will take place; on the other hand if viscosity is too high 
(temperature too low) for the heat to be advectively lost, then 
the mantle heats up, reducing the viscosity until material can flow.
The former scenario is more relevant to planetary evolution, as dis- 
cussed below. 
4. Discussion and conclusion s

The calculations presented here indicate the dominant influ-
ence of rheology on the dynamics of super-Earth mantles, focus- 
sing on potentially habitable super-Ear ths that have the same 
surface conditions as Earth. The rheology used, in particular activa- 
tion enthalpy as a function of pressure H(p), is based on published 
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Fig. 5. Profiles of azimuthally-averaged temperature and viscosity for five planet sizes, as labelled. The arithmetic average is used for temperature and the geometric average 
for viscosity. In the temperature, the 1800 K adiabat is also plotted. 
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DFT calculations for perovskite (Ammann et al., 2008 ) and new cal- 
culations for post-perovskite (extending Ammann et al., 2010b ).
We consider rheologie s based on both the slowest diffusion direc- 
tion (upper bound), which probably dominates diffusion creep, and 
the fastest diffusion direction (lower bound), which has been ar- 
gued to be dominant in dislocatio n creep (Ammann et al., 
2010b). Our convection calculations show that the deep mantles 
of large super-Earths (7–10 ME) convect, even if their viscosity cal- 
culated assuming an adiabatic temperature profile is so high that 
they are expected not to. This is due to internal heating coupled 
to the feedback between internal heating, viscosity and tempera- 
ture: the deep mantle simply adjusts its temperature such that 
its viscosity is the value needed for it to lose its radiogen ic heat. 
A similar self-regulation was proposed by Tozer (1972) but for 
the average mantle viscosity; here it applies locally rather than 
globally. With the upper-boun d viscosity the entire post-perov- 
skite layer is hot, whereas with the lower-bound viscosity a
super-adiab atic temperature profile results. The maximum azi- 
muthally-aver aged viscosity in both cases is in the range 10 25–
1026 Pa s for the parameters assumed here. 

Analytical theory by Fowler (1993) predicted that convection in 
the limit of strongly pressure- and temperat ure-dependent viscos- 
ity tends to adopt an isoviscous profile. While previous numerical 
convection studies for Earth have not obtained such a profile, we 
here find that this theory does indeed apply to azimuthal ly-aver- 
aged viscosity in the deep mantles of very large planets with inter- 
nal heating. Smaller planets do not have a sufficiently large 
viscosity increase along an adiabat for this asymptotic limit to be 
reached. Earlier super-Earth calculations with depth-dependent 
viscosity by van den Berg et al. (2010) also did not reach this 
asymptoti c state, instead finding an adiabatic temperat ure profile
after several billion years of evolution. Recent two-dimensi onal 
calculatio ns (Stamenkovic et al., 2012 ) did obtain a super-adiab atic 
temperat ure profile in the case of a strong increase of activation 
enthalpy with pressure, similar to our results presente d here, fur- 
thermore finding that this state could take a long time to reach 
depending on the initial temperature . Recent parameterised stud- 
ies that use mixing-leng th theory rather than the usual boundary 
layer theory to model heat transport in the mantle (Tachinami
et al., 2011; Wagner et al., 2011 ) also found such a self-regul ation 
effect; their agreement with the full convectio n models presente d
here suggests that mixing length theory is a suitable parameteris a- 
tion to use in this situation. Thus, for a pPv rheology that is as real- 
istic, as far as we can calculate and consistent with some previous 
studies, a deep stagnant layer cannot form. 

The present calculations assume a viscosity that is approxi- 
mately two orders of magnitud e higher than Earth’s (at a particular 
temperat ure and pressure ), in order to properly resolve the 
dynamics in the largest planets. This is unlikely to change the basic 
physics and the trends observed here but will make some 
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quantitative differences. If the viscosity were two orders of magni- 
tude lower at every temperature and pressure, a super-Earth’s 
deep mantle would not have to heat up as much to lose its radio- 
genic heat. The azimuthally-aver aged viscosity in these deep re- 
gions would still adjust to �1025–1026 Pa s, but the temperature 
would be less super-adiabati c than predicted here. 

There is, on the other hand, considerabl e uncertainty in the 
absolute viscosity of post-perovs kite (of which super-Earth man- 
tles are mainly comprised) due to unknown grain size and vacancy 
concentratio n, and also to the highly anisotropic viscosity . Here we 
assume that post-perovskite has a five orders of magnitude higher 
viscosity than perovskite at Earth deep mantle convections if the 
upper bound rheology dominates, or a two orders of magnitude 
lower viscosity than perovskit e if the lower bound rheology dom- 
inates. If it were assumed that post-perovskite is more viscous, 
then super-Earth mantles would be hotter; conversel y if we as- 
sumed that post-perovs kite is less viscous then super-Earth man- 
tles would be less hot. If dislocation creep is important, then this 
would tend to reduce the viscosity because, to first order, power- 
law rheology can be approximat ed by linear rheology with an acti- 
vation enthalpy reduced by factor n, the power-law exponent 
(Christensen , 1984 ). Another possibility is that at high pressures 
the creep mechanis m changes to intersticial diffusion and that this 
could cause a viscosity reduction with pressure (Karato, 2011 ), in 
which case a super-mantl e could be adiabatic. At present there is 
no quantitat ive data available to assess this. We note that (Karato,
2011) also estimates a smaller increase in viscosity even for diffu- 
sion creep. 

Here we focus on calculatio ns that are in thermal equilibrium ,
with a surface heat flux that matches the heat input by radiogenic 
heating, and thus with no secular change in temperature . We first
note that sufficient internal heating (a high Urey ratio) is necessary 
to obtain the self-regulation of viscosity observed here. Secondly, 
in reality planets cool from a hot, and possibly molten, initial state. 
Previously it has been found that statistically-ste ady-state calcula- 
tions give a good approximat ion to the dynamics of cooling-planet 
calculations (e.g. the Nu–Ra relationship is the same), except that 
cooling appears as an additional effective heat source (e.g. Honda
and Iwase, 1996 ). A predictio n of the influence of cooling from a
hot initial state can be found in the models of Tachinami et al. 
(2011), who use mixing-length theory to predict 1-D profiles of a
super-Earth as a function of time. From a fairly hot initial state they 
find that the mantle of a 5 ME super-Earth fairly rapidly (within 1–
2 Gyr) adopts a super-adiab atic profile similar to that found in our 
lower-bound cases, then changes quite slowly over subsequent bil- 
lions of years, although the deepest part of their model mantle is 
initially cooler than the equilibriu m temperature profile so heats 
up slowly over a somewhat longer time scale. The initial adjust- 
ment is rapid because convective heat loss is rapid when the man- 
tle is hot and hence low viscosity. Subsequent 1-D models using a
different parameterization (Stamenkovic ´ et al., 2012 ) found extre- 
mely slow core cooling from a hot initial state; the question of 
adjustment time from a hot initial mantle and core state needs 
to be resolved in the future using full convectio n models. Another 
effect that would influence cooling-pl anet calculations is heat con- 
ducted from the metallic core, which as a result of core formatio n
is expected to start super-heated relative to the mantle (Stevenso n, 
1990).

It has been proposed that at early times Earth’s mantle had both 
a shallow magma ocean and a deep, basal magma ocean (BMO)
(Labrosse et al., 2007 ). Because heat loss from the BMO is con- 
trolled by the high-viscosi ty mantle, the BMO could persist for 
up to billions of years, with remnants of it left today as partially- 
molten ultra-low velocity zones (ULVZs) observed seismically 
above the CMB (Lay et al., 2004 ). Larger planets evolve more slowly 
with time, as indicated by paramete rised convection models (Kite
et al., 2009; Papuc and Davies, 2008 ). Because these parameterised 
models do not account for high viscosity in the deep mantle, they 
are likely to overestimat e cooling of the deep mantle, which would 
be slowed by the high deep-mantle viscosity and resulting high 
temperat ures found here. Therefore, if super-Earths started off 
molten, it is plausible that their deep mantles could retain a
super-BMO for many billions of years. 

Although the present study makes no attempt to systemati cally 
study the question of plate tectonics on super-Ear ths and we have 
limited our study to potential ly habitable Earth-lik e super-Earths, 
it is notable that mobile-lid behaviour occurs for all planet sizes 
studied here while using the same lithospheric yielding parame- 
ters (except for the smallest planet where yield stress had to be de- 
creased) and surface temperature . This is consistent with 
predictio ns from parameteris ed (Valencia and O’Connell, 2009; 
Valencia et al., 2007a ) and simplified numerical (Korenaga,
2010a; van Heck and Tackley, 2011 ) studies. However, it is impor- 
tant to note that many factors other than planet size influence
plate tectonics, including surface temperat ure (Lenardic et al., 
2008; Landuyt and Bercovici, 2009; Foley et al., 2012 ), the presence 
of liquid water (e.g. Regenauer-Li eb et al., 2001 ), and internal heat- 
ing rate (O’Neill et al., 2007 ). Furthermore, the simple plastic yield- 
ing assumed here does not account for history-dep endence of 
rheology , which may be important for plate tectonics (e.g. Landuyt
and Bercovici, 2009; Foley et al., 2012 ). Clearly, much additional 
work is needed in order to obtain a systematic understand ing of 
the likelihoo d of plate tectonics on super-Ear ths. 

Possible breakdown of post-perovs kite into constituent oxides 
as predicted by Umemot o et al. (2006) but questioned by Grochol-
ski et al. (2010) is also not treated here. Currently we have no esti- 
mates of the activation energies in these minerals , so the possible 
influence on dynamics is impossible to predict. Metalliza tion of the 
major minerals is another possibility, which would not necessarily 
change activation energies, but would certainly change whether 
radiative heat transport is important or not; moreover , heat could 
then be transported via electrons . More efficient conductive heat 
transport would reduce the need for advective heat transport, 
allowing viscosities to increase somewhat. There seems to be an 
indication of a ‘last’ phase transition within oxide mantles. Mash-
imo et al. (2006) showed that the transition to a virtually incom- 
pressible oxide Gd 3Ga5O12 happened after 1.20 Mbars and 
suggested that ‘‘similar quasi incompres sible oxide phases com- 
posed of Si, Fe, Mg, an other elements with relatively high natural 
abundan ces, rather than Gd and Ga, might exist in the deep man- 
tles of large extrasolar rocky planets’’. 

The models presente d here do not account for chemical differ- 
entiation, which is thought to influence lithospheric dynamics by 
forming buoyant crust and water-depleted stiff lithospher e (e.g.
Korenaga , 2010b ), and to influence deep-mantle dynamics by the 
accumulation of dense, iron rich material above the CMB (e.g.
Nakagawa and Tackley, 2005a, 2010 ). They also do not include 
other effects of melting such as magmatic heat transport, which 
can be an important heat loss mechanism in early planetary 
evolution (Nakagawa and Tackley, 2012 ).

In summary, the models presented here can be regarded as a
preliminary assessment of the influence of a realistic activation en- 
thalpy profile on mantle dynamics in super-Earths . The influences
of rheological uncertainties, cooling from a hot initial state, wide- 
spread melting, and differentiation , need to be assessed in future 
studies in the context of thermo-chemi cal evolution of super- 
Earths.
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