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Abstract

Recently there has been renewed interest in the evolution of the inner core and in the possibility that radioactive potassium might
be found in significant quantities in the core. The arguments for core potassium come from considerations of the age of the inner
core and the energy required to sustain the geodynamo [Nimmo, F., Price, G.D., Brodholt, J., Gubbins, D., 2004. The influence of
potassium on core and geodynamo evolution. Geophys. J. Int. 156, 363–376; Labrosse, S., Poirier, J.-P., Le Mouël, J.-L., 2001.
The age of the inner core. Earth Planet Sci. Lett. 190, 111–123; Labrosse, S., 2003. Thermal and magnetic evolution of the Earth’s
core. Phys. Earth Planet Int. 140, 127–143; Buffett, B.A., 2003. The thermal state of Earth’s core. Science 299, 1675–1677] and
from new high pressure physics analyses [Lee, K., Jeanloz, R., 2003. High-pressure alloying of potassium and iron: radioactivity
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in the Earth’s core? Geophys. Res. Lett. 30 (23); Murthy, V.M., van Westrenen, W., Fei, Y.W., 2003. Experimental evide
potassium is a substantial radioactive heat source in planetary cores. Nature 423, 163–165; Gessmann, C.K., Wood,
Potassium in the Earth’s core? Earth Planet Sci. Lett. 200, 63–78]. The Earth’s core is also located at the lower bound
convecting mantle and the presence of radioactive heat sources in the core will affect the flux of heat between these tw
and will, as a result, have a significant impact on the Earth’s thermal history. In this paper, we present Earth therma
simulations in which we calculate fluid flow in a spherical shell representing the mantle, coupled with a core of a giv
capacity with varying degrees of internal heating in the form of40K and varying initial core temperatures. The mantle mo
includes the effects of the temperature dependence of viscosity, decaying radioactive heat sources, and mantle phase
The core model includes the thermal effects of inner core solidification and we present models for which the final siz
inner core is the same that for the present-day Earth. We compare the results of simulations with and without the e
inner core solidification and we compare the results of the numerical model with those of a parameterized model. Mod
concentrations of potassium in the core of roughly 600 ppm best satisfy the present-day surface heat flow constraint;
the core temperatures in these models are somewhat high. In addition, we find that models with lesser degrees of hea
core can also satisfy the surface heat flow constraint provided that the mantle is in a particularly active state. Our mode
a relatively young inner core with the greatest age being 1756 Ma. We demonstrate that models with high core tem
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in the latter part of simulations result in high CMB heat flows which lead to predictions of young inner cores. For fixed initial core
temperatures, this leads to a slight decrease in the predicted age of the inner core with increasing concentration of radioactive
elements in the core.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The question as to whether radioactive potassium
is present in significant quantities in the Earth’s outer
core is an important one as it has consequences for our
understanding of the Earth’s thermal evolution, the gen-
eration of the Earth’s magnetic field through the geody-
namo, and for the growth rate of the inner core. The con-
centration of potassium in bulk silicate Earth models is
significantly lower than the concentration in C1 chon-
drites (e.g.,Hart and Zindler, 1986; Lassiter, 2004). It is
generally assumed that much of the Earth’s potassium,
it being a volatile element, was evaporated and lost to
space during the early hot stages of the Earth’s evolu-
tion (e.g.,McDonough and Sun, 1995). If potassium
can alloy with iron under core conditions, it is possi-
ble that some of the Earth’s complement of potassium
was instead sequestered into the core. In contrast with
earlier studies (e.g.,Chabot and Drake, 1999; Ito et al.,
1993; Sherman, 1990), the recent high-pressure anal-
yses ofMurthy et al. (2003), Lee and Jeanloz (2003)

Hence, the Urey ratio (the ratio of the internal heating
rate to the surface heat flow) was found to be quite
high and of the order of 0.8. However, geochemical
models of the abundances of radioactive elements in
the bulk silicate earth (e.g.,Hart and Zindler, 1986)
indicate a relatively low degree of internal heating in
the mantle and a modern-day Urey ratio of roughly
0.4. The presence of radioactive heat sources in the
Earth’s core would allow for a greater flux of heat
across the core-mantle boundary and might reconcile
these diverging points of view.Breuer and Spohn
(1993)considered this possibility using parameterized
convection simulations. Their results indicate that
such a reconciliation is possible if 1–2 silicate Earth
budgets of potassium (corresponding to 3–6 TW of
modern-day internal heating) were included in the
core. We reconsider this scenario using a detailed
numerical model of convection in the Earth’s mantle to
calculate the Earth’s thermal evolution. An alternative
solution to “the Urey ratio paradox" has been proposed
by Butler and Peltier (2002)who demonstrated that
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Investigations of the Earth’s thermal history h
argely been carried out using parameterized mode
onvection in the Earth’s mantle, the earliest of th
nalyses being those ofSharpe and Peltier (1978,
chubert et al. (1980)andDavies (1980). These studie

ndicated that, due to the strong relationship betw
antle temperature and viscosity and hence conve
eat transport efficiency, most of the heat flow m
ured at the Earth’s surface today must be balance
odern-day radioactive heat inputs into the ma
al history models ofMollett (1984), Breuer an
pohn (1993), Nimmo et al. (2004)and have been in
luded in numerical models of the Earth’s evolution
akagawa and Tackley (2004). The total energy assoc
ted with the solidification of the inner core is roug

wo orders of magnitude smaller than the total en
ssociated with radioactive decay in the mantle

he history of the Earth and is also much smaller
stimates of the energy due to core accretion and o
ccretion of the planet (e.g.,Stacey and Stacey, 199).
s a result, the effects of inner core solidification

he thermal history of the planet as a whole are q
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modest but the consequences for the thermal state of
the core and for the generation of the Earth’s magnetic
field may be significant.

There have been some previous investigations of
the Earth’s thermal history using numerical mantle
convection models with varying core temperatures
and decaying internal heat sources.Arkani-Hamed et
al. (1981)performed some early, low resolution simu-
lations.Yuen et al. (1995)found that mantle avalanche
events (e.g.,Solheim and Peltier, 1994a) become more
pronounced when time-dependent thermal boundary
conditions and internal heating rates are involved
andHonda and Iwase (1996)compared the results of
their numerical model with that of a parameterized
model. Recently,Nakagawa and Tackley (2004)used
a two-dimensional flow model in cylindrical geometry
to investigate the Earth’s thermal evolution when a
second compositional component is present in the
mantle. They concluded that models with significant
compositional layering best satisfy the constraints
imposed by the surface heat flow, the CMB heat flow
and the size of the inner core. Parameterized convec-
tion models have been used to investigate the Earth’s
thermal history due to the computational efficiency
that they afford. Given the extraordinary increase in
computing power in recent years, simulations of the
Earth’s thermal history using two-dimensional nu-
merical models have become feasible which allow the
investigation of lateral and short-timescale variations
in temperature and heat flow and a more complete
d
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ing degrees of internal heating in the core and neglect
the thermal effects of inner core formation. The B series
simulations are identical to the A series except that the
effects of inner core formation are included and core
parameters are chosen so as to produce an inner core of
the correct final size. Finally, two C series simulations
were performed with the same core parameters as one
of the B series simulations and with significantly higher
initial core temperatures. In the following sections, we
will describe the core and mantle models while in sub-
sequent sections we will discuss the impact of inner
core formation and core internal heating on the Earth’s
thermal evolution.

2. Model description

We employ a spherical axisymmetric numerical
model of convection in the Earth’s mantle coupled to a
heat reservoir model for the core to describe the thermal
evolution of the Earth. InFig. 1(a) we show a tempera-
ture field from the end of a simulation with 4 TW of in-
ternal heating in the core along with a schematic of our
core evolution model. The numerical model is set-up to
be as similar as possible in thermal properties to an ex-
isting parameterized model(Butler and Peltier, 2002)
which we will also explore for the sake of comparison.
The effects of short time-scale and lateral temperature
variations can only be investigated using the numerical
model. The numerical model employed here is modi-
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In contrast with suggestions based on geochem

onstraints which predict that the inner core crystall
ion began prior to 3.5 Ga(Brandon et al., 2003), recen
nergy balance studies of the evolution of the Ea
ore have concluded that the inner core is young, o
er 1.5 Ga(Labrosse et al., 2001; Buffett, 2003; Nimm
t al., 2004)and that the inclusion of radioactive h
ources increases this age by slowing the rate of
ooling, but only by a few 100 Myrs. The presence
adioactive heat sources in the core would also pro
n additional source of power for thermal convec
hich may help to explain how the geodynamo was

ained for times prior to the formation of the inner co
In order to investigate the effects of inner-c

rowth and core internal heating on simulations of
arth’s thermal evolution, we will present three se
f calculations. The A series simulations employ va
ed from the one described inButler and Peltier (2000
hich was itself based upon the previous versio
olheim and Peltier (1994a,b). The assumptions an
overning equations of the model are briefly descr

n what follows.

.1. Core model

The temperature of the core-mantle boundary,Tcmb,
f the numerical model is assumed constant in spac

s allowed to evolve in time assuming that the core
eat reservoir from which heat flows into the mantle
ate that depends on the temperature at the core–m
oundary and on the evolving dynamics in the ma
eat energy is input to the core by the radioactive
ay of40K at a rateχc and, once the inner core beg
o form, by latent heating and the release of grav
ional potential energy at ratesχl andχg, respectively
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Fig. 1. (a) A contour plot of the temperature field as well as a schematic of the core model including the effects due to the growth of the inner
core (I.C.). (b) The average temperature as a function of depth in the mantle and (c) the viscosity as a function of depth in the mantle at the end
of a simulation B4.
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so that:

dTcmb

dt
= 2πkcmbr2

cmb

Cpc

∫ π

0

∂T

∂r

∣∣∣∣
rcmb

sin θ dθ

+ χc + χl + χg

Cpc
. (1)

The quantitiesrcmb, Cpc, kcmb and ∂T
∂r

∣∣
rcmb

represent
the CMB radius, the heat capacity of the core, and the
thermal conductivity and temperature gradient on the
mantle side of the CMB. The latter is calculated from
the evolving convection simulation. By evolving the
core temperature in this manner, we are assuming that
heat is transported by convection in the core much more
efficiently than in the mantle and as a result, the thermal
boundary layer on the mantle side of the core–mantle
boundary limits heat transfer from the core to the man-
tle. Given the very large difference in fluid viscosity
between these two regions, this assumption is entirely
justified.

The quantityCpc is not the true total heat capacity of
the core but rather an effective heat capacity since we
are multiplying it by the change in temperature at the
CMB rather than the average temperature of the core.
It can be calculated from

Cpc =
∫ rcmb

0
ρcen exp

[
− r2
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]
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to 1200 ppm K) in the core is obtained if it is assumed
that the bulk Earth has the C1 chondrite concentration
of potassium(Gessmann and Wood, 2002). In this sce-
nario, no potassium was lost to space during the very
early stages of the Earth’s evolution but rather was in-
corporated into the core. In this study, we investigate
thermal evolution models with modern-day core heat-
ing rates of 0, 1, 2, and 4 TW.

Whileχc is prescribed, we computeχg andχl using
(Stacey, 1992)

χl = 4πLρicr
2
ic

dric

dt
(3)

and

χg = 8π2

15
G�ρicbρc(3r2

cmbr
2
ic − 5r4

ic)
dric

dt
. (4)

Hereric,L, ρic, ρc, and�ρicb are the time-evolving ra-
dius of the inner core, the latent heat of freezing of iron
at core pressures per unit mass and the mean densities of
the inner-core and outer core respectively, and that part
of the density jump at the inner-core boundary (ICB)
that is associated with the rejection of the light element,
while G represents the gravitational constant. The val-
ues of the various parameters governing the core evo-
lution are listed inTable 1. The total latent heat,El , and
gravitational energy,Eg released in forming an Earth-
sized inner core implied by(3) and (4)are the same
for all simulations and using the parameters listed in
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erer is the radius,cpc is the core heat capacity p
nit mass,ρcen is the density at the centre of the Ea
ndρcenexp[−r2/L2] is a representation of the rad
ariation of density in the core, with the characteri
ength scaleL. D is a length scale characterizing
diabatic temperature profile in the core (e.g.,Labrosse
t al., 2001; Buffett et al., 1996). While ρcen and L
re well known from PREM, values ofcpc range from
60 to 670 J/kg K (Stacey, 1992; Labrosse, 2001) an
falls in the range 6000–8830 km(Labrosse et al

001; Labrosse, 2003), giving a range of values forCpc
rom 1.4 × 1027 to 2.1 × 1027 J/K. We have adopte

dimensional value of 1.5 × 1027 J/K for all of the
alculations shown here.

In (1), χc represents the rate of internal heat
n the core due to the presence of40K. An upper
ound of 8 TW of radioactive heating (correspond
able 1areEl = 7.75× 1028 J andEg = 3 × 1028 J.
e note that the recent studies ofMasters and Gubbin

2003)indicate that�ρicb may be as large as 620 kg/3

hich would increase the gravitational energy rele
y a factor of 1.5 over the value used here. An incr
f �ρicb by this amount would increase the predic
ge of the inner core by approximately 60 Myrs. T
alue of the slope of the liquidus might also be sligh
arger. If this value were increased to 9× 10−9 K/Pa
s suggested byAlf é et al. (2002)then the predicte
ge of the inner core would be increased by rou
40 Myrs. As can be seen by inspection of(3) and
4), the rate at which this energy is released is c
rolled by the growth rate of the inner core. We o
ine below a simple model for calculating this grow
ate.

Following Buffett et al. (1992), we assume a line
xpansion of the liquidus temperature near the ce
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Table 1
Core constants and parameters used in this study

Parameter Symbol Equation Value Units

Mean density (outer core)a ρc (2), (4) 1.1 × 104 kg m−3

Mean density (inner core)a ρic (3), (6) 1.27× 104 kg m−3

Density jumpb(inner/outer core)c �ρicb (4) 400 kg m−3

Radius of the outer corea rcmb (1), (2), (4) 3480× 103 m
Specific heat capacitya cpc (1), (2) 675 J kg−1 K−1

Latent heatb L (3) 8.0 × 105 J kg−1

Solidification temperature at the centre of the Earthd TL(0) (5), (6) 5700 K
Pressure gradient for solidification temperatureb dTL/dP (5), (6) 7.33× 10−9 K/Pa
Liquidus parameter Λ (8), (9) 1.6526× 10−10 K m−2

Thermal conductivity at the base of the mantlee kcmb (1) 12 W m−1 K−1

a Stacey (1992).
b Buffett et al. (1996).
c Due to compositional changes across inner core boundary.
d Anderson (2002).
e Osako and Ito (1991).

of the core

TL(r) = TL(0) + dTL

dP
(P(r) − P0), (5)

whereP is the pressure at the radiusr, TL(0) andP0
represent the liquidus temperature and the pressure at
the centre of the Earth respectively, and dTL/dP is the
pressure dependence of the liquidus temperature. If we
further assume a hydrostatic variation in the pressure
P(r) with radius in the inner core and we approximate
this relation by assuming a constant density in the inner
core, we can write the following

TL(r) = TL(0) − 2π

3
Gρ2

icr
2 dTL

dP
. (6)

We note that the assumption of a constant density
used in(6) gives an excellent representation of the ra-
dial variation of pressure from the center of the Earth
to the inner core boundary, which is the only region of
interest in this study. Solidification of the core material,
and therefore the radius at the ICB will occur where the
temperature in the core intersects the liquidus for core
material. Since the outer core is thought to be convect-
ing vigorously, the temperature profile in this region is
adiabatic and the temperature at the ICB can be related
to the temperature at the CMB by

TL(ric(t)) = Γ Tcmb(t), (7)

where ric(t) represents the time-evolving radius of
t
m

exp[(r2
cmb − r2

icb)/D2], depends on the thermal expan-
sivity and heat capacity of core material as well as the
acceleration due to gravity in the core. There are signif-
icant uncertainties in the values of the first two of these
quantities resulting in values ofΓ that lie between 1.21
and 1.64 based on the values given inLabrosse et al.
(2001). Γ should also decrease as the inner core grows
since the adiabatic gradient will extend over shorter
distances. We ignore this last effect (which produces
an error of roughly 6%) and treatΓ as a constant in
each simulation. InTable 2we list all of the simula-
tions performed along with the final internal heating
rate, the initial core temperature and the value ofΓ

used. For the B series of simulations, the value ofΓ

was chosen such that the final inner core radius in each
simulation matched the present-day inner core radius
of the real Earth. For simulation C0,Γ was taken to
have the same value as in simulation B2 and the ini-
tial core temperature was varied until the correct-sized
inner core was achieved. This simulation allows us to
compare the effects of internal heating in the core with
the effects of increasing the initial core temperature.
Varying the initial core temperature is a significantly
more computationally expensive method of achieving
the correct sized inner core than varyingΓ since sim-
ulations must be iterated over the entire history of the
Earth, while whenΓ is varied, simulations must only
be iterated over the lifetime of the inner core, as we will
describe below. We also performed simulation C2 with
t batic
g nal
he inner core. The parameterΓ , which in the for-
ulation of Labrosse et al. (2001)takes the form
he same initial core temperature and core adia
radient as simulation C0 but with 2 TW of inter
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Table 2
A summary of the simulations performed

Run name χc(tp) (TW) Tcmb(t0) (K) Γ

A0 0 4300 0
A1 1 4300 0
A2 2 4300 0
A4 4 4300 0
B0 0 4300 1.556
B1 1 4300 1.46
B2 2 4300 1.3915
B4 4 4300 1.26
C0 0 5500 1.3915
C2 2 5500 1.3915
B0p 0 4300 1.49
B1p 1 4300 1.412
B2p 2 4300 1.347
B4p 4 4300 1.2465
C0p 0 5500 1.3915
C2p 0 5500 1.3915

We list the final core internal heating rateχc, the initial CMB tem-
perature,Tcmb(t0) and the core adiabat parameter,Γ . A value of 0 for
Γ indicates that no effects due to inner core freezing were included.
A subscript p on the run name indicates a parameterized model.

heating in the core in the final state. As we will show,
an inner core does not begin to form in simulation C2.

Combining Eqs.(5)–(7)we arrive at the following
equation for the time-dependent radius of the inner core
in terms of the temperature at the CMB

ric(t) =
(

TL(0) − Γ Tcmb(t)

Λ

)1/2

, (8)

where we have defined the liquidus parameter

Λ = 2π

3
Gρ2

ic
dTL

dP
.

The value ofric is updated at each time step using(8)
and dric/dt ∼= (ric − r−

ic )/�t is then calculated where
r−
ic is the inner core radius of the previous model time

step and�t is the model time step.
In order to choose a value ofΓ such that the in-

ner core has the correct final size as we do in the B
series models, we consider(8) for the time when the
inner core has just started to form and for the present-
day Earth. We indicate quantities evaluated at these
times with superscriptsin andp respectively. For in-
stance, the CMB temperatures at these times areT in

cmb
andT

p
cmb, and the corresponding radii arerin

ic = 0 and
r
p
ic = 1221 km. Substituting the known value ofr

p
ic into

(8) and solving forΓ we obtain the following result

Γ = TL(0) − Λ(rp
ic)2

T
p
cmb

. (9)

The value ofT p
cmb is unknown before the start of the

simulation. However, we can estimate the total change
in the temperature of the core if all of the latent and
gravitational energy of inner core formation were used
to increase the temperature of the core. UsingEl and
Eg from above, we compute�T = (El + Eg)/Cpc =
72 K, which is much smaller than the total change in the
temperature of the core during the entire 4.5 Gyr course
of a simulation. As a result, the thermal effects of the
solidification of the inner core can be considered to
represent a perturbation to the thermal evolution of the
core. This observation allows us to determine the value
of the parameterΓ that is required in order to evolve
an inner core of the size of the present-day Earth’s. In
practice, we first ran a simulation for the full age of the
Earth with zeroχl andχg in order to obtain a zeroth
order estimate of the final temperature at the CMB,
T

p,0
cmb. These are the A series simulations listed inTable

2. We then make the first order approximation that all
of the latent heat and gravitational energy released is
maintained in the core to obtain an improved estimate
of the final temperature at the CMB,T

p,1
cmb = T

p,0
cmb +

�T . This estimate forT p,1
cmb is then used in(9) to obtain

an estimate of the value ofΓ required to grow an inner
c arth.
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y analyzing the time evolution ofTcmb for the first run

n the absence ofχl andχg, the age of the inner core w
etermined. The model was then rerun starting fro

ime just prior to the formation of the inner core us
s initial conditions output from the appropriate ti
f the first run and including the effects ofχl andχg
nd evolving the radius of the inner core accordin
8). If the inner core were too large or too small a
his second model run, we re-iterate the proces
alculatingΓ using an approximate final temperat
t the CMB ofT p,2

cmb + �T2 whereT
p,2
cmb is the fina

emperature at the CMB from the new simulation
T2 is the change in the core temperature assoc
ith melting or solidifying the extra amount of co
aterial required to make the model inner core of

ame size as the real Earth’s.
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By requiring the correct-sized inner core, we are
emphasizing the constraints due to the total heat en-
ergy that must be transported across the core–mantle
boundary over those concerning the absolute temper-
atures at core horizons. A similar approach was used
by Labrosse et al. (2001). In order to further elucidate
the energy budget in the core over the time of inner
core formation, we integrate Eq.(1) over the age of the
inner core which, making use of Eq.(8) and requiring
that the final size of the inner core equals that of the
present-day Earth, gives the following∫ tp

tin
Qc dt = CpcΛ(rp

ic)2

Γ
+ Eg + El +

∫ tp

tin
χc dt.

(10)

HereQc is the spatially integrated heat flow at the core–
mantle boundary. Eq.(10) indicates that the time re-
quired for the formation of the inner core,tp − tin, is
equal to the time that it takes for the heat energy equal
to the sum of the terms on the right-hand side to be
transported by conduction across the CMB. IfQc were
held the same, then Eq.(10) indicates that an increase
in χc would increase the age of the inner core. The
first term on the right-hand side of Eq.(10) represents
the energy due to the secular cooling of the core and
it can be seen to decrease with increasingΓ . As can
be seen from Eq.(9), the value ofΓ used in our B
series calculations decreases with an increasing value
of the final CMB temperature which, in turn, tends to
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We could instead have chosen a fixed value ofΓ for
all of our simulations and initiated the growth of the in-
ner core when the estimated temperature at the centre of
the core in our model reached the liquidus temperature
for core-materials for the pressure at the centre of the
Earth which would result in calculations with varying
final sizes of the inner core. The final size of the inner
core could then be compared with that of the real Earth.
This latter approach has been used in all previous in-
vestigations of inner core growth (e.g.,Nimmo et al.,
2004; Nakagawa and Tackley, 2004). The disadvantage
of this approach, however, is that varying amounts of la-
tent heat and gravitational energy are released. This be-
comes particularly important in models where large in-
ner cores are found to grow. Also, given the existing dis-
agreement between estimates of the required quantities
(e.g.,Alf é et al., 2002; Boehler, 2000) and uncertainties
associated with the absolute temperature at core depths,
we chose the approach described above and consider
the temperature at the CMB as an output of our model to
be compared with estimates of high-pressure physics
analyses as we will do in the following section. We
also note that all of the values forΓ in our simulations,
representing the slope of the core adiabat, are within
the range of experimental uncertainties. We could also
have varied the values ofTL(0) andΛ within experi-
mental uncertainties. Had a model required values of
these parameters outside of the range allowed by a pri-
ori constraints, we could have rejected the model. We
also note that there is a slight inconsistency in this for-
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.2. Mantle model

The mantle viscosity is assumed to vary only
ially and to depend on the temperature in the ma
nd hence on time. This is clearly a simplification co
ared with the use of a viscosity law that depend

he azimuthal angle but it allows for significant com
ational speed-up. Also,Brunet and Machetel (199
ompared the heat flow in calculations with later
arying, temperature-dependent viscosity with the
ow in simulations with only radially dependent v
osity where the radial dependence was the sam
he azimuthally averaged viscosity in the temperat
ependent case and found the two to be quite sim
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ear segments, one in the lower mantle and one in the
upper mantle and transition zone as follows:

η(r) = ηe − ηl

r660 − rcmb
r + ηlr660 − ηercmb

r660 − rc
,

for r < 5500 km,

η(r) = ηu − ηe

rs − r660
r + ηers − ηur660

rs − r660
,

for r > 5900 km. (11)

For the region 5500 km< r < 5900 km we use a
cubic profile chosen such that the viscosity and its
first derivative are continuous atr = 5500 km andr =
5900 km. The viscosity at the base of the lower mantle,
ηl , at 660-km depth,ηe, and in the upper mantle,ηu,
are calculated from

ηl = ηl0 exp

[
TA

(
1

TL
− 1

Tlf

)]
,

ηe = ηe0 exp

[
2TA

(
1

Tu + TLφle
− 1

Tuf + Tlfφle

)]
,

ηu = ηu0 exp

[
TA

(
1

Tuφeu
− 1

Tuf

)]
. (12)

HereTL andTu represent the average temperature at
each time step in the lower mantle, and in the transi-
tion zone and upper mantle, respectively. The values
for the constantsTuf, Tlf , TA (used to model the activa-
tion energy of material creep processes in the mantle),
ηl0, ηe0, ηu0, φle andφeu (used to describe the adiabatic
d ry to
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Table 3
Constants used to define the viscosity profiles in Eqs.(10) and (11).

Constant Value Units

Tuf 2099 K
Tlf 2931 K
TA 55000 K
ηl0 2.17× 1023 Pa s
ηe0 8.52× 1022 Pa s
ηu0 4.07× 1023 Pa s
φle 0.75 Non-dim
φeu 0.92 Non-dim

to be free-slip. It should be noted, as discussed in de-
tail in Butler and Peltier (2000), that such model pre-
dictions of surface heat flow could be made to agree
with observations for the same viscosity profile as that
required to reconcile postglacial rebound data if lay-
ering were more pronounced across the 660-km hori-
zon than that predicted by our simple representation
of the endothermic phase transformation (seeSolheim
and Peltier, 1994a, for a discussion of the methodology
currently employed in this model).

The internal heating rate in the mantle is made time-
dependent with the same intensity used in the param-
eterized calculations ofButler and Peltier (2002). The
uranium/thorium/potassium ratios used are 1/4/10,000
following Hart and Zindler (1986)and a bulk silicate
Earth uranium concentration of 21 parts per billion is
assumed which gives a total modern-day heating power
of 19.4 TW for the mantle and crust. We assume that
6.4 TW is stored in the continental crust and use 13 TW
in our mantle model. The heat sources are fixed in po-
sition and 2 and 11 TW of heat sources are uniformly
distributed in the regions above and below the 660-km
depth horizon, respectively. The low heating rate in the
upper mantle is used in order that the upper mantle in-
ternal heating rate matches the observed heating power
in modern MORB source material.

The other thermodynamic and transport properties
of the mantle are depth-dependent and are fit to be as
Earth-like as possible and are described inButler and
Peltier (2000). The model also includes the effects of
t with
C y
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d be
s sition
i ial
c pre-
rop in temperature from the core–mantle bounda
60 km depth and from 660 km depth to the surface
rovided inTable 3. The geotherm and radial variati

n viscosity from the end of simulation B4 are sho
n Fig. 1b and c respectively. The viscosity used in

odel is significantly higher than values inferred on
asis of post-glacial rebound (e.g.,Peltier and Jiang
996). As well as increasing computational efficien

hese high values are necessary so that the pred
urface heat flow is similar in magnitude to that wh
s observed(Butler and Peltier, 2000). The viscosity in
he lower mantle is also significantly higher than
iscosity in the upper mantle and transition zone
s evidenced inFig. 1 by the significantly larger sp
ial wavelength of rising plumes in the lower man
ompared with the sinking boundary layer instabili
n the upper mantle. The top and bottom bounda
orresponding to the surface and CMB are assu
he phase transitions at 400 and 660-km depth
lapeyron slopes of 3 and−2.8 MPa/K, respectivel

Chopelas et al., 1994). The phase boundaries are
icated inFig. 1 by the magenta lines and it can
een that in places the 660-km depth phase tran
s providing a partial barrier to mantle flow. The init
onditions for these calculations were taken from a
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vious simulation run with a similar Rayleigh number
but without time varying viscosity, core–mantle bound-
ary temperature and internal heat sources. The initial
average temperature as a function of depth was cho-
sen to lie on an adiabat with temperature at the man-
tle solidus for the upper mantle and the initial CMB
temperature was chosen to be 4300 K for the A and
B series of runs and was 5500 K for the C series. The
initial CMB temperature of 4300 K was chosen based
on the assumption that the initial temperature at the
CMB would be the same as the liquidus temperature
for lower mantle materials(Serghiou et al., 1998)and
is the same initial core temperature used byButler and
Peltier (2002), Nakagawa and Tackley (2004).

3. Results

3.1. The effects of inner-core growth on thermal
evolution

In Fig. 2 we show a summary of the heat flow be-
tween the various regions of the Earth for the final

2050 Myrs of the simulations without internal heating
in the core. We display both the results of simulation
A0 in which the effects of latent heating and gravita-
tional energy release have been neglected (dotted-line)
and the results from simulation B0 in which the inner
core evolves to a final size of 1221 km (solid-line). In-
ner core formation begins in this model after 2744 Myrs
of evolution. The advected heat flow at 660-km depth,
Qadv, shows the strong temporal variability associated
with mantle avalanches while the conducted heat flow
at 660-km depth,Qcond, peaks during periods of man-
tle layering and drops to near zero during avalanches.
One might expect that the heat flow at the core–mantle
boundary,Qcmb, would show the greatest change due
to the thermal effects of inner core solidification; how-
ever, as can be seen, the difference in this quantity be-
tween the simulations is quite modest. The thermal ef-
fects of inner-core solidification act to perturb the time
evolution of convection in the mantle, and in this case,
the perturbation leads to the earlier onset of a mantle
avalanche. This in turn results in the final surface heat
flow,Qs, for simulation B0 being close to 36 TW which
is the observed value for the mantle contribution to this

F l heatin d
h and B0 lation
B

ig. 2. The azimuthally integrated surface,Qs, CMB, Qcmb, interna
eat flow at 660-km depth,Qcond for simulations A0 (dotted line)
0.
g rate,χm, advected heat flow at 660-km depth,Qadv and conducte
(solid line) Inner-core growth starts at time 2744 Myrs in simu
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Fig. 3. The final temperature fields for calculations (a) A0 and (b) B0 with and without the effects of inner core solidification, respectively. The
most significant difference is that the down-welling just to the left of the centre has broken through the 660-km depth phase transition for the
latter case resulting in significantly higher heat flow due to the hot return flow that comes in contact with the top surface.

quantity(Pollack et al., 1993), indicated by the arrow
on the figure, while simulation A0 has significantly too
little heat flow since the mantle avalanche does not ar-
rive before the end of the simulation. InFig. 3a and
b we display the final temperature field in the mantle
for simulations A0 and B0 (note there is no internal
heating in the core). Although the fields are very sim-
ilar, the mantle downwelling that is located just left of
the centre of the plot has broken through the 660-km
phase transition in the latter case resulting in signifi-
cantly higher surface heat flow for this case due to the
resultant hot return flow coming in contact with the up-
per surface. In all of the other calculations, the effects
of inner core solidification on the final surface heat flow
were significantly smaller.

In Table 4we list final state data for all of the simula-
tions. For the sake of comparison, we include inTable 4
data calculated from the parameterized model ofButler
and Peltier (2002)coupled with the same inner core
model as described herein (run series with subscript
p). Owing to the large temporal fluctuations, the heat
flow values have been averaged over the last 800 Myrs

of the simulations in order to get a characteristic final
value while the temperatures represent the final values.
As can be seen by comparing the results of run series
A with the corresponding results of run series B, the
effects of the growth of the inner core on heat flow are
quite small. In all cases, the heat flow at the CMB is
increased by roughly 0.5 TW while the heat flow at the
surface can either be increased or decreased due to the
perturbing effects of the growth of the inner core on the
convective circulation in the mantle.

In Fig. 4we display the energy budgets in the core
for model B0 with no core internal heating (a) and B4
with 4 TW of core internal heating in the final state (b),
for the last 2050 Myrs of the simulations (note that the
vertical scale for the lower panel is twice that of the up-
per panel). The secular cooling of the core,χsec, is pro-
portional to the rate of core cooling and can be calcu-
lated fromQcmb − χc − χg − χl . The effects ofχg and
χl are relatively small and total just under 3 TW in the
final state. However, unlike radioactive heat sources,
their effects do not weaken with time (at least not until
the core becomes completely frozen) and hence they
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Table 4
The core–mantle boundary temperature,Tcmb(tp), and temperature drop across the core–mantle boundary�Tcmb(tp), are the final values

Run name Qs (TW) Qc (TW) Tcmb(tp) (K) �Tcmb(K) Urey ratio Inner core age (Myrs) Final I.C. radius (km)

A0 24.6 5.0 3445 514 0.58 – –
A1 28.1 7.9 3679 798 0.51 – –
A2 29.2 8.5 3862 937 0.49 – –
A4 34.5 12.1 4266 1316 0.42 – –
B0 26.07 5.43 3505 552 0.55 1756 1221
B1 27.5 8.55 3736 835 0.52 1680 1219
B2 28.58 8.91 3921 975 0.50 1647 1216
B4 34.65 12.66 4326 1354 0.41 1482 1228
C0 27.9 9.2 3923 961 0.55 1212 1207
C2 33.9 13.2 4183 1218 0.42 0 0
B0p 25.5 4.93 3658 712 0.55 2075 1225
B1p 27.5 7.03 3862 893 0.51 1961 1221
B2p 29.72 9.27 4049 1057 0.47 1797 1221
B4p 34.68 14.04 4374 1394 0.41 1451 1223
C0p 30.1 8.3 3953 962 0.47 1078 1097
C2p 34.5 12.3 4214 1184 0.41 0 0

The surface heat flow,Qs, CMB heat flow,Qc, and the Urey ratio values are the average over the last 800 Myrs of the calculation.

become increasingly significant in the energy budget
of the core as time goes by. The biggest effect of these
energy sources is to decrease the rate of secular cool-
ing and hence the rate at which the temperature of the
core decreases. InFig. 5a, we show the evolution of

the CMB temperature for all of the models with the
same initial starting temperature of 4300 K for the case
without the thermal effects of the inner core (solid line,
run series A) and with it (dotted line, run series B) as
well as for the parameterized model that included the

Fig. 4. The heat flow at the CMB,Qcmb, internal heating rate in the core,χc, rate of latent heat release,χl , rate of gravitational energy release,
χg and rate of secular cooling,χsec, as a function of time for the last 2050 Myrs of simulations with (a) no internal heating in the core (simulation
B0), and (b) with 4 TW of internal heating in the core in the final state (simulation B4).
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Fig. 5. (a) The evolution ofTcmb for models run with the final degrees of core internal heating indicated and the same initial temperature of
4300 K. Solid lines are A series models (with no effects due to inner core solidification), dotted lines are B series models (with the effects of
inner core solidification) and dashed lines are the results of parameterized modeling. (b) The evolution ofTcmb for models B2, C0 and C2 having
the same value ofΓ but different degrees of internal heating and different initial core temperatures.
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effects of inner-core growth (dashed-line). The slowing
of the cooling of the core at the onset of inner core for-
mation can be clearly seen. In all cases the final CMB
temperature is increased by 50–60 K over its value in
simulations performed excluding the thermal effects
of inner core growth. These values are only slightly
smaller than the value of 72 K which would result if
all the heat from these sources were kept in the core,
indicating that only a small fraction of the heat released
due to the inner core growth has been lost to the mantle.
It can also be seen that the parameterized model gener-
ally underestimates the degree of core cooling resulting
in core temperatures which are roughly 100 K higher.

3.2. The effects of core potassium on inner-core
growth

By inspection ofFig. 5a, it can be seen that increas-
ing the rate of internal heating in the core increases
the final core temperature if the same initial core tem-
perature is used, as would be expected. As a result, in
order to arrive at the correct-sized inner core radius
using our methodology, a shallower adiabat, or lower
value ofΓ is used. For internal heating rates of 2 TW
or greater, it can be seen that the core temperature actu-
ally increases early in Earth’s history for the assumed
starting temperature of 4300 K. The time of initiation
of inner core growth can be discerned from the inter-
section of the dotted line inFig. 5a with the solid line.
The fact that the core temperature rises initially allows
f en
a the
E ore
r the

possibility of an initial inner core. However, the calcu-
lations with 4 TW of core internal heating indicate that
there would have been a significant period of 2.5 Gyrs
in which there was no solid inner core in the Earth.
A similar scenario is described byBuffett (2003)who
considers the possibility that there may have been an
initial inner core that melted at least partially before it
began to refreeze.

In Fig. 5b we plot the time evolution of the CMB
temperature for simulations B2, C0 and C2. Simula-
tions B2 and C0 employ the same value ofΓ but the
former has 2 TW of internal heating in the final state and
an initial temperature of 4300 K while the latter has no
internal heating in the core and an initial temperature of
5500 K. The final temperatures are essentially the same
for these two runs by design, since they must be if the
inner-cores in the two simulations are to have the same
radii using the same value ofΓ . It can be seen that,
especially early on, the temperature decreases much
more rapidly for the simulation with the hotter initial
core temperature since there is a greater temperature
difference between the core and the mantle and since
there is no source of heat in the core to buffer the CMB
cooling. We also indicate the temperature at which the
inner core begins to freeze,T in

cmb, and it can be seen by
the time when the CMB temperature curves intersect
this line (and from the data inTable 4) that the age of the
inner core is reduced for this latter case by 426 Myrs.
From the data inTable 4, it can also be seen that the
heat flow at the CMB averaged over the final 800 Myrs
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p,f
cmb (K) Esec(1028 J) Eg (1028 J)

0 158 23.7 2.99
1 168 25.2 2.97
2 175 26.3 2.95
4 198 29.7 3.03
0 173 25.9 2.89
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p,f
cmb is the temperature change at the CMB over the lif

he core,Eg andEl are the gravitational energy and latent heat r

eating over the lifetime of the core while
∫ tp

ti
Qcdt is the total hea
s very similar for these two calculations and as a re
he difference in the cooling rate for the final stage
hese two simulations is mostly due to the differe
n the core internal heating rate. InTable 5we list the

r core for the simulations indicated

(1028 J)
∫ tp
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χc(t) dt(1028 J)

∫ tp

tin
Qc dt

(1028 J)

Inner core
age (Myrs)

.75 0 34.4 1756

.71 8.7 44.5 1680

.65 16.8 53.7 1647

.88 28.8 69.4 1482

.48 0 36.3 1212

f the inner core,Esec is the energy change due to the secular coolin

d due to inner core freezing,
∫ tp
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χc(t)dt is the total energy due to intern

y flux across the CMB.
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values of the various terms on the right-hand side of
Eq.(10). The secular cooling term,Esec, as well as the
terms describing the release of latent heat and gravi-
tational potential energy are essentially the same for
these two simulations with the small differences being
due to the small differences in the final inner core radii.
The only significantly different term is the energy re-
leased by internal heating in the core which increases
the calculated age of the inner core.

Also plotted inFig. 5b is the evolution of the tem-
perature at the CMB for calculation C2 which employs
the same initial core temperature and core adiabatic
gradient as simulation C0 but includes 2 TW of inter-
nal heating in the final state. This calculation was not
constrained to evolve an Earth-like inner core and as
can be seen by the fact that the CMB temperature never
cools belowT in

cmb that an inner core never even begins
to form in this model. It can also be seen that for sim-
ulation C2, the core does not show an early warming
phase as it does in simulation B2 with a cooler ini-
tial core temperature and the same degree of internal
heating in the core.

In Fig. 6we plot the radii of the inner cores for all of
the B series simulations and simulation C0 as a function

of time. For the B series simulations, which employ the
same initial core temperature, the onset of inner core
growth is delayed slightly for calculations with higher
degrees of internal heating in the core; however, the
inner core grows faster in these calculations and all
models reach the present day with essentially the same
inner-core radius due to the methodology described in
Section2. The changes in the curvature seen in these
plots correspond to fluctuations in CMB heat flow due
to variations in the convective flow in the mantle. The
predicted age of the inner core in all of our models is be-
tween 1.2 and 1.8 Ga, similar to the results ofLabrosse
et al. (2001), Nimmo et al. (2004). Although the final
core temperature is higher in calculations with more
internal heating, as can be seen inFig. 5a, the tem-
perature is decreasing at a greater rate which results
in a relatively recent time for the formation of the in-
ner core given the formulation of the B series models.
Due to the short-timescale fluctuations in the numerical
model, this trend is more apparent in the parameterized
convection calculations, but it is evident in the results
of both models. The greater rate of decrease in the core
temperature in the cases with high internal heating rate
is a result of the fact that the lower-mantle temperature

e for ca .
Fig. 6. The radius of the inner core as a function of tim
 lculations with variable degrees of internal heating in the core
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is increased due to its contact with the hot core. These
high temperatures in the lower mantle in turn result in
lower lower-mantle viscosity, which in turn results in
more rapid convection and a more rapid decrease in
the temperature of the core. As we show inTable 4,
the final temperature jump across the thermal bound-
ary layer at the base of the mantle also increases with
the degree of core internal heating which also results
in more rapid core cooling. The relatively short half-
life of the40K isotope results in a great deal of heating
in the core early in Earth’s history but relatively lit-
tle remains to buffer the core temperature in the latter
part of the calculation. As can be seen from the data in
Table 5, the total heat energy that must be transported
across the CMB is significantly increased by the pres-
ence of strong internal heating in the core, mostly due
to the internal heating itself, with a small effect due
to the increase in the magnitude of the secular cooling
term resulting from the use of a shallower adiabat in
strongly internally heated calculations. The increase in
the CMB heat flow overwhelms these effects, however,
and as a result, models that start with the same initial
core temperature and require an Earth-like final inner
core size (run series B) show a slight decrease in the age
of the inner core with increasing core internal heating
rate.

Simulation C0, with no internal heating in the core
and a much higher initial core temperature, has by
far the greatest inner core growth rate and hence the
youngest inner core. This is due to the relatively high
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heat generated by radioactive sources in the mantle and
core for calculation B4 and for the corresponding pa-
rameterized simulation, B4p. It can be seen that the pa-
rameterized model would be in reasonable agreement
with the numerical model if the latter were smoothed
on a time scale of roughly 500 Myrs. For this calcula-
tion, the final surface heat flow (Fig. 7a dotted line) is
significantly less than the modern-day observed value
(indicated by the arrow on the graph). It can also be
seen that the final state of the mantle is one of strong
layering, as evidenced by the low advected heat flow
at 660 km depth (Fig. 7a, solid line). The exact timing
of periods of high and low mantle surface heat flow,
which in this model are controlled largely by the flux
of mass across the 660-km phase transition, are the re-
sult of the properties of the mantle convection model
but also of the initial azimuthal temperature distribu-
tion and hence are somewhat arbitrary. As we demon-
strated in Section3.1, a small perturbation could cause
a significant difference in the final surface heat flow
that the model delivers. As might be expected, the data
in Table 4indicate that the time-averaged final surface
heat flow increases with the degree of internal heat-
ing in the core. An Earth-like final surface heat flow is
achieved for simulation B4 with a core internal heating
rate of 4 TW, in general agreement with the parame-
terized convection results ofBreuer and Spohn (1993).
Simulation C2 with an elevated initial core tempera-
ture and 2 TW of internal heating in the core also de-
livers close to the observed value for the Earth. Given
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emperature. It is interesting to compare the resul
his simulation with simulation B0 since both of the
imulations require essentially the same integrated
ransport across the CMB in order to form an Earth-
nner core (see the data inTable 5). As can be seen fro
he data inTable 4, the final CMB temperature is mu
igher for case C0 which results in much higher C
eat flow which, in turn, results in the formation of
arth-like inner core in a shorter period of time.

.3. The effects of core potassium on the earth’s
hermal evolution

In Fig. 7we show the time evolution of the heat fl
etween the various regions in the Earth as well a
he strong temporal variability of the surface heat fl
n these calculations, the possibility exists that th
ould be less internal heating in the core provided
he modern-day Earth is in a time of relatively vigor
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as a mean final surface heat flow that is greater
1 but less than B2. InTable 6we display the energ
udget for the core over the lifetime of the Earth
he B and C series models. It can be seen that s
ations C0 and C2 have significantly greater deg
f core secular cooling since they had a significa
otter start. In simulation C0, the total heat flux ac
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Fig. 7. Summary of heat flows as a function of time for simulations B4 (rapidly varying lines) and B4p (smooth lines). (a) The advected heat
flow at 660-km depth (solid line) and the surface heat flow (dotted line). The observed final heat flow in the Earth is indicated by the arrow. (b)
The heat flow at the core–mantle boundary (solid lines) and the internal heating rate in the mantle (dashed line) and core (dotted line).

the CMB is only slightly less than that of simulation
B4 and is considerably greater than the rest of the B se-
ries simulations. Unlike simulation B4, however, this
heat flux was concentrated near the beginning of the
simulation and resulted in higher surface heat fluxes at
that time whereas the slow release of heat in the core in
simulation B4 caused higher surface heat flows at later
times. As a result, increasing the initial core temper-
ature is a less efficient mechanism for increasing the
final surface heat flow than is internal heating.

The heat flow from the core into the mantle is also
shown inFig. 7b (solid line) and the average over the
last 800 Myrs of the various simulations is also dis-
played inTable 4. As would be expected, this quantity
also increases with increasing internal heating in the
core. Recent estimates of the heat flow at the core–
mantle boundary which included the heat flow due to
large scale convection as well as that carried by iso-
lated plumes, obtained values of 6–8 TW(Anderson,
2002), while Buffett (2002) estimates values of 6–
12 TW based on the temperature drop across the core
mantle boundary as well as the thermal boundary layer

thickness and the thermal conductivity of lower mantle
materials. The results of our calculations are all close
to falling within the latter range for the estimate of this
quantity. A value of 6 TW has recently been estimated
by Nimmo et al. (2004)for the heat flow conducted
down the core adiabat and is a lower bound on the CMB
heat flow required to sustain the geodynamo prior to the
formation of the inner core. All of our models meet this

Table 6
Summary of the energy budget of the core over the entire length of
the simulations

Run name Esec(1028 J)
∫ tp

t0
χc(t) dt(1028 J)

∫ tp

t0
Qc dt (1028 J)

B0 119 0 130
B1 84.6 63.4 158
B2 56.8 127 194
B4 −3.9 253 260
C0 236 0 247
C2 197.5 127 324

Esec is the energy change due to the secular cooling of the core,∫ tp

t0
χc(t) dt is the total energy due to internal heating over the lifetime

of the Earth while
∫ tp

t0
Qc dt is the total heat energy flux across the

CMB over the lifetime of the Earth.
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criterion; however, the strongly internally heated mod-
els and models with elevated initial core temperatures
have significantly higher CMB heat flow particularly at
early times and hence, the operation of a geodynamo
early in the history of the Earth is more plausible for
these cases. Simulations B2 and C0 have very simi-
lar final values ofQc indicating that this quantity is
mostly controlled by the temperature at the CMB in
these models.

Estimates of the temperature at the CMB from high
pressure physics range from 4161 K(Alf é et al., 2002)
to 3650 K(Anderson, 2002). Comparing these values
with those from our simulations shown inTable 4, it
can be seen that the final core temperatures obtained
in models B0 and B4 are somewhat too low and too
high, respectively, while models B1, B2, C0 and C2
have final CMB temperatures that are at least close to
falling within this range. Clearly, there is a trade-off
between the initial core temperature and internal heat-
ing rate in the core and simulations C0 and B2 were
designed so as to finish with the same CMB temper-
ature. It should also be noted that the CMB temper-
ature for simulation B4 is higher than the estimated
solidus temperature of 4300 K for mantle materials at
CMB pressures(Serghiou et al., 1998)indicating that
partial melting would be taking place in theD′′ layer.
Although partial melting inD′′ may explain the seis-
mically observed ultra-low velocity zones,(Williams
and Garnero, 1996), mantle plumes that rise from the
CMB will also preserve the potential temperature of the
C ases
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4. Discussion and conclusions

We have described a set of simulations of the Earth’s
thermal history using a numerical model of convection
in the mantle. In most cases, we have required that our
simulations produce an inner core that has the same
radius as that of the real Earth. For models with the
same initial temperature, we have accomplished this
by varying the assumed value of the adiabatic temper-
ature gradient in the core. A further simulation was
performed in which we varied the initial core tempera-
ture using a fixed value for the adiabatic gradient. The
requirement that each simulation delivers the correct
value for the final inner core radius results in there al-
ways being very similar amounts of energy released due
to inner-core solidification. As estimates of the thermal
parameters characterizing the core improve, we may be
able to further restrict this class of models. However,
our results point to the need for caution in using the fi-
nal size of the inner core in a thermal evolution model
as a test of the success or failure of a given model given
the relatively wide range of models that we have found
capable of evolving so as to deliver the correct final
radius of the inner-core. The effects of latent heating
and gravitational energy release were found to become
significant in the later stages of core evolution and in
all cases were found to increase the temperature at the
CMB by 50–60 K. We have also shown that the effects
of latent heating and gravitational energy release can
perturb convection in the mantle leading to a variation
i in
t ow.
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MB. Since the mantle solidus temperature decre
ith height faster than the adiabat (e.g.,Serghiou
t al., 1998), one would then expect partial melti

n up-welling mantle plumes throughout the low
antle.
Anderson (2002)also estimated the temperat

rop across the thermal boundary layer at the ba
he mantle to be 1200 K, which is slightly larger th
he value ofBoehler (2000)of 1000 K. InTable 4, we
ist the final value of the temperature drop across
hermal boundary layer at the base of the mantle
ach of the simulations (�Tcmb). It can be seen th

his quantity increases significantly with the degre
ore internal heating and that only simulations wit
east 2 TW of core internal heating or that have a h
nitial core temperature have temperature drops tha
ufficiently large, while calculation B4 has a tempe
ure drop that is slightly too large.
n the timing of major mass flux events which can
urn significantly affect the calculated surface heat fl

In agreement with previous analyses, we estim
n age of the inner core that is close to 1.5 Gyrs. I
ases the effect of core internal heat sources on th
f the inner core is found to be relatively small. Co
aring models B2 and C0 that obtained the same
ore temperature but had different initial core temp
ures and different degrees of core internal heating
ound that including internal heat sources in the c
n the form of radioactive potassium increased the
f the inner core. The heat flows at the CMB near
nd of these simulations were very similar, as ca
een inTable 4, and the effect of core internal he
ng was to slow the rate of core cooling and inner c
rowth. This model comparison is probably the m
irectly comparable to the energy balance calcula
f Labrosse et al. (2001)who also required their mo
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els to deliver the correct final radius for the inner core
and who showed a modest increase in the age of the
inner core with increasing degrees of internal heating.
In contrast, in comparing our model calculations that
require the same initial core temperature and the same
final inner-core radius, we find that the age of the in-
ner core actually decreases somewhat in the presence
of core radioactive heating due to increased tempera-
tures at the CMB which in turn lower the viscosity in
the lower mantle which result in increased CMB heat
flows.

Unlike most parameterized convection studies, our
numerical model shows large short-time scale fluctu-
ations in the surface heat flow.Grigné et al. (2005)
introduced the effects of varying the aspect ratio of
convective rolls into parameterized convection mod-
els in order to mimic the effects of Wilson cycles and
they showed that there can be significant variation in
the calculated surface heat flow on time scales of order
100 Myrs. They also concluded that one solution to the
“Urey ratio paradox” is that the observed modern-day
surface heat flow is unusually high. If the surface heat
flow observed today does not reflect a mantle that is
in an unusually active state such as an avalanche (e.g.,
Solheim and Peltier, 1994a,b), then our analyses in-
dicate that a model with a modern-day core internal
heating rate of roughly 4 TW best fits the surface heat
flow constraint. Increasing the initial temperature of
the core is another mechanism for increasing the final
surface heat flow and our model with a hot initial CMB
t g in
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fl ds
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would result in higher degrees of mantle layering in-
duced by the 660-km depth endothermic phase tran-
sition (e.g.Butler and Peltier, 2000). At such high
Rayleigh numbers, a net decrease in the degree of man-
tle layering over the course of a simulation due to the
decreasing effective Rayleigh with time might occur
and simulations might display the surface heat flow
buffering effects of Rayleigh number dependent layer-
ing seen inButler and Peltier (2002). This effect was
shown in the context of parameterized models to allow
for simulations that solved the ‘Urey ratio paradox’
without the need for internal heat sources in the core.

Further investigations are clearly needed to investi-
gate effects such as different mantle viscosity profiles
and the effects of laterally varying temperature-
dependent viscosity. One effect of temperature-
dependent viscosity would be the creation of a low
viscosity layer at the base of the mantle which would
affect the type of plumes formed and their morphology
(e.g., Jellinek and Manga, 2004). The results of
Labrosse (2002), however, indicate that the main mode
of heat transfer at the CMB is the conductive heating
of cold downwellings so this effect should not signifi-
cantly affect our conclusions concerning heat transport
at this horizon. Also of interest would be the inclusion
of a better representation of surface plates. Our use of
a free-slip surface boundary condition without a large
viscosity increase in the lithosphere likely results in
our over-estimating the surface heat flow, and hence
the rate of mantle cooling, somewhat. In particular, the
r e
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emperature of 5500 K and 2 TW of internal heatin
he final state also delivers an Earth-like surface
ow. A model with 4 TW of core internal heating lea
o a temperature at the CMB that is somewhat too h
owever. Preliminary investigations using the para

erized model alone have indicated that it is possib
till maintain the correct surface heat flow in a mo
ith 4 TW in the core in the final state and have an
ropriate CMB temperature if lower mantle viscosi
re used since more efficient convection in the ma
ecreases the build up of heat in the core that occu

he strongly heated core simulations. Thermal his
cenarios with lower degrees of internal heating in
ore and active present-day mantle avalanches re
trong possibilities, however.

Investigations with lower absolute mantle visco
ies would also be of interest since they would
mploying higher effective Rayleigh numbers wh
esults ofLowman et al. (2001)indicate that surfac
eat flow is reduced in simulations when plates w

arge aspect ratios are imposed. Including the ins
ng effects of continents would be expected to decr
he surface heat flow. However, the recent resul
enardic et al. (2005)indicate that the presence
ontinents may actually increase the surface heat
ince the mantle would be made warmer and h
he viscosity would be reduced. This is quite sim
o the effect that we have reported herein, that
odels with the same initial temperature, the add
f internal heating in the core actually decreases
redicted age of the inner core due to warmer tem
tures at the CMB and the resulting decrease in m
iscosity and increased heat flow. It would also
nteresting to compare the results obtained in sphe
xisymmetric geometry with results calculated in a

hree dimensional sphere.Machetel et al. (1995)com-
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pared the predictions of models calculated in spherical
axisymmetric geometry with those calculated in a
full three dimensional sphere for various geophysical
observables and found the two types of models to be in
reasonable agreement. Simulating convection over the
age of the Earth and exploring the effects of varying
parameters in three dimensional spherical geometry
remains a computationally prohibitive task. In so far
as the investigation of dynamical influences upon
the thermal history of the planet is concerned, it will
therefore appear that the axisymmetric spherical model
that we have developed will continue to be extremely
useful.
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