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Influence of initial CMB temperature and other parameters
on the thermal evolution of Earth’s core resulting
from thermochemical spherical mantle convection
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[1] Here we present a wide‐ranging parameter study of the effects of initial core‐mantle boundary (CMB)
temperature, concentration of radioactive potassium in the core, and density difference between harzburgite
and mid‐ocean ridge basalt (MORB) in a coupled spherical model of thermochemical mantle convection and
parameterized core heat balance. The initial CMB temperature is expected to be much higher than the solidus
temperature of silicates at the base of the mantle. The results indicate that as with previous, purely thermal
convection models, the final state of the system is only weakly dependent on initial CMB temperature unless
the CMBbecomes blanketed by a global layer of dense material. Fully 3‐D spherical cases have a very similar
core evolution to cases in a 2‐D spherical annulus, giving confidence in the applicability of 2‐D spherical
annulus geometry for modeling Earth’s evolution. Obtaining a successful thermal evolution, in the sense
of obtaining the correct present‐day inner core size and maintaining a geodynamo over geological time, is
helped by the accumulation of piles of dense material at the CMB (subducted MORB in the present calcula-
tions) and a concentration of radiogenic K in the core in the range 400–800 ppm. The present‐day CMB heat
flow is predicted to be around 9 TW.While this is lower than estimates based on calculating temperature gra-
dients in regions where the postperovskite transition is seismically imaged, these tend to be areas of higher
than average heat flux and thus likely overestimate the global heat flow.
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1. Introduction

[2] Understanding the thermal evolution of the
Earth’s core is challenging because it is difficult to
extract enough heat from the core over geological
time to drive the geodynamo while not growing the
inner core larger than its present size [e.g., Labrosse,

2003; Nimmo et al., 2004]. Mantle convection
determines the heat flux across the core‐mantle
boundary (CMB). Our previous studies of the ther-
mal evolution of the Earth’s core using global ther-
mochemical mantle convection modeling coupled to
a parameterized core heat balance [Nakagawa and
Tackley, 2004a, 2005a] suggested that it is necessary
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to have a partial layer of chemically dense material
above the CMB in order to reduce CMB heat flux
sufficiently to prevent the inner core becoming too
large (compared to Earth’s): isochemical convection
resulted in a large CMB heat flux that results in a
too‐large inner core. Possible candidates for such
dense material are subducted mid‐ocean ridge basalt
(MORB) [Christensen and Hofmann, 1994] or mate-
rial that formed from the initial differentiation or
soon after [e.g., Solomatov, 2000;Boyet andCarlson,
2005; Labrosse et al., 2007].

[3] In our previous studies [Nakagawa and Tackley,
2004a, 2005a], we considered only one initial CMB
temperature, which was the solidus temperature of
peridotite at the CMB [Boehler, 2000], whereas it
is generally thought that the CMB may have started
off as much as 2000 K hotter than this after core
formation [Stevenson, 1990]. Based on simple iso-
chemical mantle thermal evolution models, this
might not be expected to have a significant effect on
the present‐day mantle because it “forgets” its initial
condition within ∼1 Gyr [e.g., Sharpe and Peltier,
1978]. For thermochemical convection, however,
the situation needs to be evaluated, because different
early temperatures could influence the formation of
compositional anomalies, which then have a long‐
term effect on subsequent evolution. For example,
higher temperature could cause more melting and
crustal production, hence a thicker layer of segre-
gated crust above the CMB; alternatively a higher
temperature drop across the lower thermal boundary
layer would make compositional layering less sta-
ble. Other limitations of our previous core evolution
studies are that they did not include the post-
perovskite phase [Murakami et al., 2004; Oganov
and Ono, 2004], which was subsequently shown
to have some effect on deep mantle dynamics and
core heat flow [Nakagawa and Tackley, 2004b,
2005b, 2006; Tackley et al., 2007], and that they
were performed in a two‐dimensional (2‐D) cylin-
drical geometry.

[4] Here, we thus present thermochemical evolution
models that investigate the sensitivity of the model
evolution to initial CMB temperatures of up to
∼6000 K using a 2‐D spherical annulus geometry
(with some cases checked in a 3‐D spherical shell),
and including the postperovskite phase transition
in addition to the other previously included major
phase transitions. The fraction of MORB material
is reduced to 20% (compared to 30% in previous
models) in accordance with mantle bulk composi-
tion [Xu et al., 2008]. We systematically study the
sensitivity of the final (present‐day) state to initial
CMB temperature, density anomaly of MORB in

the deep mantle, and concentration of radiogenic
potassium in the core.

[5] If temperatures near the CMBwere substantially
hotter than the mantle solidus temperature then
widespread melting would have been present;
indeed, partial melting may still exist today in the
form of ultralow‐velocity zones (ULVZs), which
have been extensively probed by seismological data
[e.g., Williams and Garnero, 1996; Williams et al.,
1998]; a partial melt explanation is feasible if melt
is of similar or slightly higher density than the solid
matrix [Stixrude and Karki, 2005; Hernlund and
Tackley, 2007]. This scenario was termed the “Basal
Magma Ocean” (BMO) hypothesis by [Labrosse
et al., 2007], who examined its various geochemical
and geophysical consequences. The calculations pre-
sented here, while not attempting to treat the chemical
and physical effects of melting at the base of the
mantle, can give some clues as to the longevity of
such a magmatic region.

2. Model

[6] A coupled model, in which a 2‐D or 3‐D
thermochemical mantle convection calculation is
coupled to a parameterized core heat balance, is used
here. The model is very similar to that in our pre-
vious papers on the topic [Nakagawa and Tackley,
2004a, 2005a], for which the reader is referred
for full details. To summarize: The compressible
truncated anelastic approximation is assumed, with
depth‐dependent material properties except for vis-
cosity, which is dependent on both temperature
and depth, varying by six orders of magnitude with
temperature, two orders of magnitude with depth
plus a factor of ten viscosity jump at 660 km depth,
and undergoes plastic yielding to mobilize the lith-
osphere, with a constant yield stress of 120 MPa.
Truncating the anelastic liquid approximation causes
a minor error in energy conservation [Leng and
Zhong, 2008; King et al., 2010] but this is small
compared to the general uncertainties and approx-
imations in the model.

[7] We focus on the differences to our previous
models. The thermochemical convection model is
now in spherical (rather than cylindrical) geometry
using StagYY [Tackley, 2008]. The geometry used
for most calculations is a 2‐D spherical annulus
[Hernlund and Tackley, 2008], with two cases also
calculated in a full 3‐Dspherical shell. Allmajor phase
transitions in the olivine and pyroxene‐garnet sys-
tems (olivine‐spinel‐perovskite‐postperovskite and
pyroxene‐garnet‐perovskite‐postperovsite, respec-
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tively) are included, as shown by the density jumps
in Figure 1. The mantle is assumed to be a mech-
anical mixture of harzburgite and MORB, with
MORB consisting of pure pyroxene‐garnet and
harzburgite consisting of 3/4 olivine and 1/4
pyroxene‐garnet. There is some uncertainty in
the density of the MORB assemblage in the deep
mantle, due to different compressibilities of different
minerals [e.g., Kesson et al., 1998;Ono et al., 2001;
Hirose et al., 2005]. By adjusting the compressibilty
of the pyroxene‐garnet mineralogy in the lower
mantle, the density difference between the olivine
system and the pyroxene‐garnet system at CMB
pressures is either 0% (neutral), 1.8% (intermediate)
or 3.6% (dense) (see Figure 1). This corresponds to a
density difference between MORB and harzburgite
of up to 2.7%, and between MORB and pyrolite
(20% MORB and 80% harzburgite) of up to 2.16%.
Since the postperovskite phase transition for MORB
may occur at a shallower depth than that for the
olivine system [Hirose, 2006;Ohta et al., 2008], the
postperovskite phase transition at a temperature of
3000 K is assumed to take place at 2600 km and
2740 km depth for pyroxene and olivine, respec-
tively. A numerical resolution of 512 × 128 cells for
2‐D spherical annulus and 64 × 192 × 64 × 2
(equivalent to 256 (longitude) × 128 (latitude) × 64
(radial)) cells for 3‐D spherical shell is used, with an
average of 15 tracers/cell to track chemical compo-

sition and melt fraction. The detailed formulation of
the viscosity law and density profiles are given by
Nakagawa and Tackley [2005a]. All physical para-
meters for mantle and core models are listed in
Tables 1 and 2, respectively.

[8] The initial temperature structure in the mantle is
adiabatic with a potential temperature of 1650 K,
plus thin thermal boundary layers at the top and
bottom, and small random perturbation. The chem-
ical composition, which represents the MORB
fraction, is initially uniform at C = 0.2, which is
consistent with the amount of MORB that can exist
in the pyrolite composition [Xu et al., 2008]. Melt‐
induced differentiation generates the crust, which
when subducted, generates compositionally hetero-
geneous structures. A total of 48 cases are presented
here, featuring four initial CMB temperatures
ranging from 4412 K to 5912 K, four concentrations
of radioactive potassium in the core and three den-
sity variations between olivine and pyroxene. All
cases are run for 4.5 Ga.

3. Results

3.1. Thermochemical Structures

[9] The time evolution of thermochemical structures
for two representative cases is shown in Figures 2

Figure 1. Reference density profile along the 1600 K adiabat. Three compressibilities are assumed for the pyroxene/
garnet component in the lower mantle, which might be related to the alumina component in the lower mantle minerals
[e.g., Weidner and Wang, 1998], and lead to neutral, intermediate, or dense MORB at the CMB.
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and 3. Figure 2 shows the time evolution of the case
with an initial TCMB of 4412 K, intermediate MORB
density anomaly and no K in the core. Small‐scale
dense piles covering part of the CMB start accu-
mulating above the CMB3.6Ga before present, then
become larger‐scale with time. A case with identical
parameters except for a TCMB

init of 5912 K is shown in
Figure 3. The main features are very similar to those
of the case with the lower initial CMB temperature
(Figure 2) except that there is more vigorous activity
early in the evolution, with more differentiation
taking place and larger and more vigorous plumes.
In addition, at early times compositionally dense
piles are less stable above the CMB that in the lower
initial CMB temperature case (Figure 2).

[10] Figure 4 shows compositional structures at the
present day (after 4.5 Gyr of evolution) for cases
with different MORB density contrast but the same
initial TCMB of either 4412 K (Figures 4a–4c) or
5912 K (Figures 4d–4f). With neutral density con-
trast (Figures 4a and 4d), subductedMORB does not
form a layer at the CMB, while with intermediate
density contrast (Figures 4b and 4e) it forms dis-
continuous piles and at the full density contrast

(Figures 4c and 4f) it forms an almost global layer,
with slab‐like downwellings pushing it aside in two
places. Thus, large‐scale high‐temperature regions
above the CMB are found for both intermediate
and large density contrasts. The fields for cases
with initial TCMB = 5912 K (Figures 4d–4f) look
remarkably similar in character to those with the
lower initial TCMB (Figures 4a–4c). Slight differ-
ences are that in the dense MORB case the layer
looks slightly more extensive, while in the inter-
mediate density case the piles have a shorter length
scale. This implies that by 4.5 Ga, the system has lost
most memory of its initial condition. The general
character of thermochemical structures in these
cases with yielding‐induced plate‐like behavior is
similar to that in other studies with force‐balanced
plates [e.g., Brandenburg et al., 2008] implying that
the details of the plate treatment are not important.

3.2. Time Diagnostics: Core Evolution

[11] Figures 5 and 6 show the time evolution of
CMB temperature, CMB heat flux, inner core size
and ohmic dissipation for various initial CMB
temperatures and the intermediate MORB density

Table 2. Physical Parameters for the Core Heat Balancea

Symbol Meaning Value

rCMB Radius of the core 3486 km
rc Init. density of core 12300 kg m−3

riron Density of pure iron 12700 kg m−3

rli Density of light elements 4950 kg m−3

DrIC Density difference 400 kg m−3

DS Entropy change 118 J kg−1 K−1

Cl(t = 0) Init. Cont. of light elements 0.035
Cc Heat capacity of the core 800 J kg−1 K−1

TL(r = 0, Cl(t = 0)) Melting T. at the center 5300 K
aThe value of entropy change is taken from Labrosse [2003]. The melting temperature at the Earth’s center is taken from Lister [2003]. All other

values are taken from Buffett et al. [1996].

Table 1. Mantle Model Physical Parametersa

Symbol Meaning Nondimensional Value Dimensional Value

Ra0 Rayleigh number 107 N/A
h0 Reference viscosity 1 1.4 × 1022 Pa s
Dh Viscosity jump at 660 km 10 N/A
sb Yield stress at surface 1 × 105 117 MPa
sd Yield stress gradient 4 × 105 162.4 Pa m−1

r0 Reference (surface) density 1 3300 kg m−3

g Gravity 1 9.8 m s−2

a0 Ref. (surface) thermal expan. 1 5 × 10−5 K−1

�0 Ref. (surface) thermal diff. 1 7 × 10−7 m2 s−1

DTsa Temperature scale 1 2500 K
Ts Surface Temperature 0.12 300 K
Lm Latent Heat 0.2 6.25 × 105 J kg−1

t Half‐life 0.00642 2.43 Gyr
H Internal heating rate at the present time 20.63 5.6 × 10−12 W/kg
aRa0 = r0ga0DTsad

3/�0h0.
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contrast, with Figure 5 showing cases with 0 ppm
core potassium and Figure 6 showing cases with
800 ppm core potassium. As expected, at early times
the CMBheat flux is large and the CMB temperature
drops rapidly. In both Figures 5 and 6, it is clear that
the final state of the system, for example in terms
of CMB heat flux, temperature and inner core size,

is only weakly dependent on the initial condition,
which has a strong influence on only approximately
the first half of the model history as well as the age
of the inner core. With 800 ppm potassium in the
core (Figure 6), the core remains hot enough that the
inner core has barely started to grow by the present
day, while with no potassium in the core, the inner

Figure 3. Same as Figure 2 but with higher initial CMB temperature that is 5912 K.

Figure 2. Time evolution of (top) temperature and (bottom) composition for the intermediate buoyancy case of an ini-
tial CMB temperature of 4412 K with 0 ppm core potassium.
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core grows too large (the actual size is 1220 km),
with small differences between cases with different
initial TCMB. In all cases, ohmic dissipation is pos-
itive for the entire evolution, meaning that a geo-
dynamo is possible for the entire history.

[12] WhenMORB is substantially dense at the CMB
and there is no core potassium (Figure 7), the final
state becomes more dependent on initial CMB
temperature, with a difference of about 400 K in
final CMB temperature. This leads to an inner core
size that varies from zero to 1300 km depending
on initial TCMB. Unfortunately, in all of these cases
the dense layer blankets the core so effectively that
the heat flux drops too low for a geodynamo to be
sustained, as indicated by zero ohmic dissipation
toward the end of the calculations; therefore these
are not considered to be viable histories for Earth.

[13] WhenMORB is neutrally dense at the CMB and
there is no core potassium (Figure 8), the evolution
is somewhat similar to the cases with intermediate
density MORB but the CMB heat flux is higher,
which results in a lower final CMB temperature
and a larger inner core. Therefore, as found in our
previous studies, partial layering at the CMB is
helpful in preventing the inner core from becoming
too large. The final TCMB varies by only about 150K
for a 1500 K variation in initial TCMB.

3.3. Regime Diagrams, Analytical Fit,
and “Best Fit” Models

[14] In order to quantify clearly the dependence of
outputs (final inner core size, TCMB and ohmic dis-
sipation) on input parameters (initial TCMB, ppm K

Figure 4. Chemical structures for three compressibilties at the final time step, with an initial CMB temperature of
4412 K ((a) neutral, (b) intermediate, and (c) dense) and 5912 K ((d) neutral, (e) intermediate, and (f) dense) with
0 ppm core potassium.
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and MORB density anomaly) and to identify which
model or models best fit the constraints of positive
ohmic dissipation over the history and reasonable
final inner core size, all 48 cases are plot on three

regime diagrams, with axes of final inner core size
and magnetic dissipation averaged over the last 2 Ga
of the evolution (Figure 9). The three plots show the
same points, but they are colored in different ways in

Figure 5. Time diagnostics of (a) CMB heat flux, (b) CMB temperature, (c) inner core size, and (d) ohmic dissipation
for 0 ppm core potassium and an intermediate MORB density contrast.

Figure 6. Same as Figure 5 but with 800 ppm core potassium.
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each plot in order to show the dependence on dif-
ferent input parameters. These plots show a clear
dependence of ohmic dissipation and inner core size
on K concentration (Figure 9b) and MORB density
anomaly (Figure 9c) but only a small dependence
on initial TCMB (Figure 9a).

[15] These are quantitatively analyzed by assuming
that inner core size (rIC), magnetic dissipation (Fm)
and final CMB temperature (TCMB

final ) are linearly
dependent on initial CMB temperature (TCMB

init ),
amount of radioactive potassium (CK) and den-
sity difference between MORB and harzburgite

Figure 7. Same as Figure 5 but with dense MORB.

Figure 8. Same as Figure 5 but with neutral MORB density.
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(Drm /rCMB) and performing a least squares fit to
find the scaling factors, i.e., assuming that

rIC ¼ aIC þ bICT init
CMB þ cICCK þ dIC

��m
�CMB

� �

�m ¼ amd þ bmdT init
CMB þ cmdCK þ dmd

��m
�CMB

� �

Tfinal
CMB ¼ aCMB þ bCMBT init

CMB þ cCMBCK þ dCMB
��m
�CMB

� �
ð1Þ

where a, b, c and d are coefficients determined by
least squares fitting in four‐dimensional space.
Table 3 lists all coefficients and the remaining var-
iance and standard deviation of each relationship
with variance reduction from the variance obtained
from raw data plotted in Figure 9. For all three
outputs, variance reductions of around 80% are
obtained, which means that the variance of the
residual (i.e., data minus fit) is about 20% of the data
variance. In order to check which input parameters
are most influential, calculations of the variance
when dropping two terms on the right hand side of
the fitting equations (e.g., if focusing the initial
CMB temperature, the other two inputs are dropped)
are shown in Table 4. These show that the MORB
density anomaly is the most important parameter
controlling inner core size, magnetic dissipation and
final CMB temperature. Since the heat flux across
the CMB is the most important factor for under-
standing the thermal evolution of Earth’s core [e.g.,
Buffett, 2002; Labrosse, 2003], MORB density
anomaly works by determining the formation of
dense piles, dense layer and/or no compositional
layer that can buffer the heat flux across the CMB.
Indeed, for magnetic dissipation it is the only
important parameter. Core potassium content has a
significant influence on final inner core size and
CMB temperature, while initial CMB temperature
has a very minimal influence. It is noted that the
spatial variations of CMB heat flux may also influ-
ence the geodynamo [e.g., Aubert et al., 2008].

[16] Several best fitting models can be identified
from Figure 9, as models with close to the correct
inner core size and nonzero ohmic dissipation. The
four best fitting models have (TCMB

init ,Drm/rCMB,CK)
of (4412 K, neutral, 800 ppm), (4912 K, neutral,
800 ppm), (5912 K, intermediate, 400 ppm) and
(5412 K, intermediate, 400 ppm). Therefore, any
initial CMB temperature is possible; the essential
properties are relatively lowMORB density contrast
and high core potassium concentration.

[17] Figure 10 shows time evolutions for two of the
best fitting models: (5912 K, intermediate, 400 ppm)
and (4912 K, neutral, 800 ppm), as well as, for
comparison, the (4412 K, dense, 0 ppm) case that
fits the core size constraint but not the dynamo

Figure 9. Regime diagrams showing the final inner core
radius and ohmic dissipation (averaged over the last 2 Ga)
for the 48 different cases. The correct inner core radius is
indicated by the vertical dashed line. Coloring shows
(a) initial CMB temperature, (b) amount of potassium in
the core, and (c) compressibility in the lower mantle.

Table 3. Coefficients of Equation (1) Obtained by Linear Least Squares Fittinga

a b c d Variance Reduction (%)

Inner core size (nondimensional) 0.9452 −4.0226 × 10−5 −449.6472 −13.2815 79.9
Magnetic dissipation 3.5034 2.7450 × 10−4 −911.9251 −104.8613 76.3
Final TCMB 3203.4 3.5319 × 10−2 456517.6 14397.33 82.2

aVariance reductions are one minus the ratio of the variance of the residual (i.e., data − fit) to the variance of the raw data.
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constraint because core heat flux falls to subcritical.
In the two best fitting cases, inner core growth oc-
curs quite late, starting 0.5–1 Ga ago, with the CMB
heat flow decaying steadily throughout the history
(after an initial transient). In the case with dense
MORB, the inner core grows early but remains at an

approximately constant size, due to the CMB heat
flow falling to ∼zero after about 2 Ga, which is
caused by blanketing of the core by crust that is
enriched in heat‐producing elements.

[18] The CMB temperature also decreases with time,
except in the later evolution of the (4412, dense,
0 ppm) case where it slightly increases with time
because of blanketing of the core by MORB as
described above. In contrast, volume‐averaged
mantle temperature initially increases with time
due to high internal heating, but it then buffered by
melting, decreasing only slowly in the later part of
model evolution, and is quite insensitive to initial
CMB temperature, MORB density anomaly, core

Table 4. Variance Reductions of Fits Using Only One Input
Parametera

Initial TCMB Core K MORB Density

Inner core size 0.3 25.3 53.9
Magnetic dissipation 1.5 2.2 73.3
Final TCMB 0.2 23.8 57.9

aUnit is percent.

Figure 10. Time evolutions of two best fit models, (1) initial TCMB = 5912 K, intermediate MORB density, and
400 ppm potassium and (2) initial TCMB = 4912 K, neutral MORB density, and 800 ppm potassium, and a model that
fits the final inner core size but with a failing geodynamo (initial TCMB = 4412 K, dense MORB, and 0 ppm potassium).
For the temperature plot, solid lines indicate the CMB temperature, and dashed lines indicate the volume‐averaged
mantle temperature.
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radioactivity and probably, initial mantle tempera-
ture, although the latter needs to be verified.

[19] The magnetic dissipation in the best fitting
models is in the range 2.5–3.0 TW, which is larger
than theoretical estimates of 0.1 TW to 0.5 TW
[Buffett, 2002; Labrosse, 2003]. This means that a
lower CMB heat flux would also give a successful
evolution, but such a case does not occur in the
parameter range investigated here. The present‐day
CMB heat flow for the best fitting models is
approximately 9 TW, which is close to what was
found in our previous study (8.5 TW) [Nakagawa
and Tackley, 2005a]. This global heat flow is
lower than estimates of around 15 TW obtained by
estimating the temperature gradient from seismi-
cally imaged crossings of the postperovskite phase
boundary [Hernlund et al., 2005; Lay et al., 2006;
van der Hilst et al., 2007]; however, these tend to
be in colder than average areas where the heat flux
is higher than the global average.

[20] The time evolution of surface heat flux and
velocity for these three models is also shown in
Figure 10. The present‐day model heat flux ranges
from 35 to 50 mW/m2, which is a factor of 1.5 to
2 lower than recent estimates of Earth’s present‐day
heat flux [Jaupart et al., 2007], while present‐day
surface velocities range from 1.5 to 4 cm/yr, lower
than or comparable to the present‐day RMS poloidal
plate velocity of 3 cm/yr [Lithgow‐Bertelloni et al.,
1993]. This reflects a long‐standing paradox: under-
standing why Earth’s present‐day heat flux is so
high compared to the radiogenic heat input (i.e.,
why the Urey number is low) [Jaupart et al., 2007].
The present results do not provide a solution to this
problem, but we note the large fluctuations in surface
heat flux and velocity, whichmay reflect variations in
convective cell size [Grigné et al., 2005] and become
even larger in the presence of supercontinent cycles
[Grigné et al., 2007] and/or plate reorganizations
[Gait and Lowman, 2007; Gait et al., 2008], sug-
gesting the solution that Earth’s present‐day heat
flux is not representative of the long‐term secular
trend but rather a high fluctuation. Present‐day core
size is a constraint on the integrated evolution of
the system, whereas present‐day surface heat flux
and velocity are instantaneous observations whose
robustness is uncertain.

3.4. Three‐Dimensional Spherical
Comparison

[21] In order to check whether dimensionality makes
a difference to the essential findings, two of the
2‐D spherical annulus models are run in fully 3‐D

spherical geometry: one of the best fit models with
(TCMB

init , Drm/rCMB, CK) = (5912 K, intermediate,
400 ppm) and the case with (4412 K, dense, 0 ppm),
which fits the final inner core size but has zero CMB
heat flux through the last part of the evolution.
Figure 11 compares the thermochemical structures
of 2‐D and 3‐D models, while Figure 12 compares
the time evolution. The isosurfaces of residual
temperature (Figures 11c and 11g) indicate that the
downwellings are linear features, consistent with
the projection of the 2‐D downwellings into a
third dimension, while isosurfaces of composition
(Figures 11d and 11h) indicate an intermittent layer
for the intermediate density contrast case and a
global layer for the high density contrast case, con-
sistent with the 2‐D cases. The time evolution
graphs (Figure 12) indicate a surprisingly close
correspondence between cases in the different
dimensionalities, the only difference being a slightly
later onset of inner core formation in the 3‐D high
density contrast case. These comparisons show that
2‐D spherical annulus geometry is a good 2‐D
approximation to 3‐D spherical geometry, and that
the core evolutions obtained from 2‐D spherical
annulus models are representative of what would be
obtained in a 3‐D spherical shell. This is consistent
with the tests performed by Hernlund and Tackley
[2008], which also showed that the rescaled radius
cylindrical geometry [van Keken, 2001] used in our
previous papers [e.g., Nakagawa and Tackley,
2004a, 2005a] gives similar heat fluxes.

4. Discussion and Conclusions

4.1. Insensitivity to Initial Conditions

[22] Several parameterized thermal evolution mod-
els of Earth’s mantle have indicated that the solution
converges to almost the same state regardless of the
initial mantle and core temperatures [e.g., Sharpe
and Peltier, 1978; Schubert, 1979]. Our modeling
results of thermochemical convection with melt‐
induced differentiation display the same phenome-
non, with (for a given CK and MORB density) the
final CMB temperatures being within 150 K of each
other, even though initial CMB temperature varies
by 1500 K. Although cases with a higher initial
CMB temperature display more vigorous convec-
tion and differentiation early on, the larger temper-
ature difference across the lower thermal boundary
layer mitigates against a stronger basal layer build-
ing up. The exception to this is the cases with rela-
tively dense MORB in the deep mantle, in which a
thick layer accumulates above the CMB, resulting in
close to zero CMB heat flux after about 2 Ga and a
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Figure 12. Time diagnostics comparing equivalent 2‐D spherical annulus and 3‐D spherical shell cases as in
Figure 11.

Figure 11. Comparison of thermochemical structures between (a, b, e, and f) 2‐D spherical annulus and (c, d, g, and
h) 3‐D spherical shell for one best fit model (initial TCMB = 5912 K, intermediate MORB density, and 400 ppm
potassium) and a model with the correct final inner core size but a failing geodynamo (initial TCMB = 4412 K, dense
MORB, and 0 ppm potassium). In the 3‐D cases, the red and blue isosurfaces indicate +250 K and −250 K temperature
anomalies compared to the geotherm, while the green isosurfaces show 75% basalt fraction.
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final CMB temperature range of about 400 K. The
results are also expected to be insensitive to initial
mantle temperature because early on the high
internal heating rapidly heats the mantle until the
temperature is buffered by melting; thus our use of a
present‐day initial adiabat of 1650 K [Jaupart et al.,
2007] is not expected to make a difference, although
this should be verified in the future.

4.2. Effects of the Postperovskite Phase
Transition

[23] A new feature in this study, compared to our
previous core cooling studies, is the postperovskite
phase transition. Comparing the present results to
ones without the postperovskite phase transition
[Nakagawa and Tackley, 2005a], the best fit model
parameters appear to be slightly different: in our
previous study a low initial CMB temperature
coupled with intermediate MORB density and low
(100 ppm) K concentration was successful, whereas
substantially higher K is required here. However, it
is quite likely that the difference in geometry might
explain a large part of this, so no firm conclusions
can be drawn without further study.

[24] Several studies have estimated the heat flow
across the CMB using the relationship between
geotherm and seismically observed postperovskite
phase boundary [Hernlund et al., 2005; Lay et al.,
2006; van der Hilst et al., 2007], and come to esti-
mates of around 15 TW; however, areas where
postperovskite is present tend to be colder and hence
have a higher heat flux than the global average, so
extrapolating the heat flux in these areas to the entire
CMB will result in an overestimate. In our present
models we obtain present‐day CMB heat flows of
around 9 to 10 TW,which seems reasonable: regions
containing cold anomalies due to subducting slabs
would have larger CMB heat flux [Buffett, 2007],
and it would be good to study regional variations in
more detail.

[25] Recently, several studies [Yamazaki et al., 2006;
Yoshino and Yamazaki, 2007; Ammann et al., 2008;
Tosi et al., 2009] have indicated that postperovskite
may have a lower viscosity than perovskite [Yamazaki
and Karato, 2001; Ammann et al., 2008], the dom-
inant lower mantle phase. This may cause some
dynamical effects that will need to be investigated.

4.3. Potassium in the Core

[26] The amount of radioactive potassium in the core
is still an open issue because high‐pressure experi-
ments are difficult: one estimate of the concentration

of radioactive potassium in the core is from 50 to
250 ppm [Gessmann andWood, 2002;Murthy et al.,
2003; Bouhifd et al., 2007]. Simple parameter-
ized thermal evolution calculations suggest that
the amount of the radioactive potassium could be
around O(100 ppm) to O(1000 ppm) [Labrosse,
2003; Roberts et al., 2003; Nimmo et al., 2004].
Our previous study [Nakagawa and Tackley, 2005a]
suggested that a successful evolution could be
obtained with an amount of radioactive potassium
in the core of O(100) ppm or less. However, our
present calculations including a higher initial CMB
temperature, the postperovskite phase transition,
spherical geometry and an appropriate amount of
MORB component in pyrolite suggest that a range
of 400 ppm to 800 ppm is needed to match obser-
vational constraints, which is consistent with sim-
ple thermal evolution calculations. Parameterized
models by Davies [2007] that explore the range of
uncertainties in core thermal conductivity and other
parameters obtain some successful evolution sce-
narios with no potassium in the core, but the mantle
is parameterized rather than calculated directly. If
partial melt exists near the CMB, perhaps in a global
layer, then the concentration of heat‐producing
elements into this melt would have an important
effect on thermal evolution [Labrosse et al., 2007]
and may reduce the required K concentration in the
core. These issues require further study.

4.4. Summary and Future Directions

[27] The main points are as follows:

[28] 1. The final state of the system is only weakly
dependent on initial CMB temperature, unless the
CMB becomes blanketed by a global layer of dense
material. Instead it is controlled primarily by the
density anomaly of MORB in the deep mantle, and
secondarily by the potassium concentration in the
core.

[29] 2. Obtaining a successful thermal evolution, in
the sense of obtaining the correct final inner core
size and maintaining a geodynamo over geological
time, is helped by the accumulation of piles of dense
material at the CMB (subducted MORB in the pres-
ent calculations) and a reasonably high concentration
of radiogenic K in the core: 400–800 ppm.With these
properties, the inner core is quite young, consistent
with parameterized models [Labrosse et al., 2001;
Nimmo et al., 2004].

[30] 3. The present‐day CMB heat flow is around
9 TW, which is close to our previous study. While
lower than estimates based on calculating tempera-
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ture gradients in regions where the postperovskite
transition is seismically imaged, these tend to be
areas of higher than average heat flow and thus
likely overestimate the global heat flow.

[31] 4. Fully 3‐D spherical cases have a very similar
core evolution to cases in a 2‐D spherical annulus,
giving confidence in the applicability of the present
results.

[32] There are some major uncertainties in the core
parameterization, particularly the melting tempera-
ture of iron at the center of the Earth, for which
estimates range from 5400 K to 6400 K [Alfè, 2009],
and the thermal conductivity of the core, which
[Davies, 2007] argues is uncertain by a factor of two.
Here we do not consider the effect of lateral varia-
tions in core heat flux (which we investigated in
the work by Nakagawa and Tackley [2008]), which
might even shut off the geodynamo [e.g., Olson
and Christensen, 2002] and can also influence
the growth pattern of the inner core [Aubert et al.,
2008]. Regarding our mantle model, the rheologi-
cal properties are not quite Earth‐like: the activation
enthalpy is lower than realistic and the effective
yield stress of the lithosphere is a gross parameter-
ization; both of these can affect heat transport. Fur-
thermore the reference viscosity is a little higher than
Earth‐like, meaning that the reference Rayleigh
number is lower than Earth‐like. Thermal evolution
might also be affected by the inclusion of continents
[e.g.,Grigné et al., 2007]. All of these effects should
be investigated in future studies.
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