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Abstract

The magnetic field of the Earth is generated by convection in the liquid-core and the energy necessary for this process
comes from the cooling of the core which provide several buoyancy sources. The thermodynamics of this system is used to
relate the Ohmic dissipation in the core to all energy sources and to model the thermal evolution of the core. If the same
dissipation is maintained just before the onset of inner-core crystallization, and the associated compositional convection, as
at present, a much larger heat flow at the core mantle boundary (CMB) is necessary which, if extrapolated backward, may
require a very high initial temperature. Two solutions to that problem are studied: either the Ohmic dissipation was smaller
then, which could be maintained with the same heat flow as at present or an important radioactivity is present in the core. The
presence of radioactivity in the core makes the inner core only a few hundred million years (Ma) older than non-radioactive
cases with the same dissipation, because the low efficiency of radioactive heating requires a much larger heat flow at the core
mantle boundary. Although the age of the inner core is controlled by the heat flow at the CMB, the Ohmic dissipation to be
maintained is the constraint that makes it low.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction tallizing and only thermal before the existence of the
inner core. This balance shows that the compositional
The thermal evolution of the Earth is at the origin energy is more efficient than any thermal source in
of all its dynamics. In particular, the cooling of the maintaining a given dissipation and that the efficiency
Earth’s core provides several buoyancy sources thatof a given thermal source depends on the temperature
maintain convection in its outer liquid part and gen- contrast between the heat source and the core mantle
erates the Earth’s magnetic field by dynamo action. boundary (CMB). When the inner core is present, its
This process must satisfy some thermodynamical growth rate can be computed if the Ohmic dissipa-
constraints and this gives us a chance to estimate thetion is known by use of the entropy equation. Before
cooling rate of the core. the existence of the inner core, the cooling rate of
A global entropy balance can be written for the the core is computed in that way. The global energy
convective core relating the Ohmic dissipation to all balance of the core can then be used to compute the
existing energy sources which are both thermal and heat flow out of the core that is necessary to maintain
compositional when an inner core is present and crys- a given Ohmic dissipation in the core.
These thermodynamic relations and their parame-
* Fax: +33-1-44-27-49-32. terization in terms of inner-core radius or temperature
E-mail address: labrosse@ipgp.jussieu.fr (S. Labrosse). at the center of the core are given $ection 2and
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the rest of the paper is devoted to the analysis of sev- order of tens of millions of years, much larger than
eral cooling scenarios based on these relations. Partic-the time scales relevant to the dynamics of the fluid
ular attention is given to the effect of the value of the core. It means that this dynamics can be averaged out
Ohmic dissipation both at present and just before the while dealing with the thermal evolutiofBraginsky
inner core started to crystallize. Another set of models and Roberts, 19953nd enters in the problem only
is produced to study the effect of radioactivity in the in maintaining the core close to the mean state, that
core. is usually assumed: hydrostatic, isentropic and well
The present Ohmic dissipation in the core is poorly mixed (uniform mass fraction of light elements). It is
known (Section 3 and even more so for the past often more convenient to use the temperature instead
history of the Earth. Ideally, one would like to in- of the entropy as a state variable and the condition
fer it from the paleomagnetic record but this seems of uniform composition and isentropy imply that the
out of reach until a better understanding of the link temperature follows an adiabat (e Braginsky and
between the dipole variability and the dissipation is Roberts, 1995; Labrosse et al., 1997he pressure,
obtained (Labrosse and Macouin, 2003Previous mass fraction of light elementsand temperatur@yqg
studies(Buffett, 2002; Gubbins et al., 2003&gave in the mean state of the outer core are solution of:
tried to make a thermal evolution model maintain- 5p
ing the present dissipation before the inner core as —
e or
well as at present, a very difficult task because, as
will be shown below $ection 4.2, the much smaller 3¢
efficiency of thermal convection compared to compo- 3, ~ @
sitional convection would require a much larger heat
flow at the CMB at that period, which may imply a @ _ _“gTad A3)
very large temperature at the CMB at the origin of the  9r Cp’
Earth, if extrapolated backward in time. This problem
can be solved either by adding some radioactivity in
the core Section 4.4 or by simply assuming a smaller
dissipation prior to inner-core formatio8¢ction 4.3.
Beside helping for the initial temperature problem,
the eventuality of the radioactivity in the core does

= —pP8, (1)

with p the density,g the acceleration due to gravity,

a the coefficients of thermal expansion aqg the
heat capacity by unit mass. To solve the problem, an
equation of state is needed, and we use the logarithmic
equation of state proposed IRoirier and Tarantola

not really make the inner core much older. Because (1998)
radioactivity is the least efficient of all energy sources, p— Koﬁln P @)
a much larger heat flow at the CMB is needed in o0 PO

presence of radioactivity to maintain the same Ohmic
dissipation. Although the age of the inner core is con-
trolled by the heat flow at the CMB, the Ohmic dissi-
pation to be maintained in the core places limits on its
value, through the efficiency calculations. The pres- 4G (T,
ence of radioactive elements in the core is then allowed (") = —5~ / u”p(u) du.
by thermodynamics but certainly not a necessity. 0

with pg and Kg the density and incompressibility at
zero pressure, respectively. In addition, the gravity
profile is related to the density profile by

®)

This set of non-linearly coupled equations cannot
be solved exactly and two approaches are possible.

2. Thermodynamics of the core One can obtain a fit for one profile from a radial
seismological model of the core, PRElziewonski
2.1. Mean state of the core and Anderson, 1981fpr instance, and get the other

profiles fromEqgs. (1)—(5). This approach is very ef-
The thermal evolution of the core is controlled by ficient for the present Earth but impractical for earlier
mantle convection that imposes the total heat loss of periods. Another approach, used here, was proposed
the core. The time scale of this evolution is then of the by Labrosse et al. (20013nd need not be replicated
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herel The expression for the density and gravity
profiles obtained are

p=peXp|——+O0|-—2]]|:
L3 Ly
__+O — )
5L§ Lﬁ

with p¢ the density at the center aifg, a length scale

for the compression given by:
K
L= Ko (m@ +1> = 7400+ 150 km
27Gpopc I
®)

where the numerical value is obtained from a fit to the
PREM densities.
These profiles are obtained without taking into

(6)

4
g(r) = ngcr {l (7)
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This leads to
p_ 1
Ko 1+ In(p/po)’

and a development at order 3 in radius is obtained
usingEq. (6}

a=yCp (12)

vCppo
o =
Ko[In(pc/po) + 1]

1 -’
[ " L2l Goe/ p0) + 11}
(13)

UsingEg. (13)and values given iffable 1 « is found
to vary fromee = (1.254+0.4) x 10~° K1 atthe center
to acmg = (1.7 £ 0.5) x 10°K~1 at the CMB. This
variation is important and has to be taken into account
each time the temperature gradient is involved, like
in the computation of the entropy production due to
conduction along the adiabat (see below).

On the other hand, since we stop our developments

account the density change across the inner-coreto the third-order inr/L,, ag is required only up

boundary (ICB) coming from both the phase and
composition change. This effect can be included
(Labrosse et al., 2001yhen needed.

The adiabatic temperature profile can then be inte-
grated directly fromEqg. (3)

Tad(r, 1) = Ts[c(®)] eXp[— /’ it dr/:| ,

9
o Cr ©)

where the boundary condition that the temperature
at the ICB ¢ = c(¢)) is equal to the temperature of
crystallization at this plac@&s[c(¢)] has been used. To
perform this integration, the ratia/Cp was previ-
ously assumed to be constghtbrosse et al., 2001)
which may not be very accuratésubbins et al.,
2003a)since, althoughCp can be assumed constant,
«a varies with the radius through the identity:

yoCp
o = .

Ks
The Griineisen parametercan also be assumed to
be constantAlfée et al., 2002b)and the isentropic

incompressibility is to be obtained from the equation
of state(4), by

JaP
Ks=p P
s

1 Note, however, thaEq. (5) of (Labrosse et al., 2001yvas
mistyped: the last-1 was erroneously included in the square root.

(10)

=P+ Koﬁ.
00

(11)

to second-order to integrate the temperature profile

Table 1
Parameter values
Parameter Value
Core radiu§, b (km) 3480+ 5
Present inner-core radiysc; (km) 1221+1
Density at the cent@y p. (Kgm~3) 1254 0.55 x 10°
Density jump at ICB, Ap (kgm~3) 5004+ 100
Density at 0 pressufle pg (kg m~3) 75+0.1x 10°
Density length scafe L, (km) 7400+ 150
Thermal expansion coefficient 1.3+01x10°°
at the centérac (K1)
Specific hedt C,, (Jkgt K1) 850+ 80
Entropy of crystallizatiof, AS 118+ 12
(kg iK™
Present temperature at I€BTs(cr) (K) 56004 500
Griineisen parametery 15+0.2
Thermal conductivity, k 50+ 10

8From PREMDziewonski and Anderson (1981yith a rea-
sonable estimate for CMB and ICB topography.

b From PREM with 5% uncertaintolt (1991)and after sub-
traction of the density jump at the ICB.

¢From PREM after subtraction of up to 1.7% density change
upon freezing(Poirier and Shankland, 1993; Laio et al., 2000)

d About 5% depression assumed from pure iron.

€ Derived from PREM (see text).

f From Stacey (1993with 10% uncertainty.

9 From Poirier and Shankland (1993)

N From Alfé et al. (2002a)

i From Alfé et al. (2002h)

I From Stacey and Anderson (2001)
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according toEq. (9) which means that the radius
dependence o will not appear in this profile, its
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2.2. Energy balance

value at the center being the relevant one. This partly The energy balance of the present c¢@ibbins,

justifies the assumption of a constanmade in the
previous studieg¢Labrosse et al., 1997; Labrosse and
Macouin, 2003)as was observed from numerical
estimates byGubbins et al. (2003a)The resulting
adiabatic temperature profile is

200 2
Tad(r, 1) = Ts[c(n)] exp [C(Z—Zr} :

T

3C
with Lt = .| ——2— = 60424+ 1400 km (14)
27TOlecG

The solidification temperatur&s can be expressed
in a similar form by use of the Lindemann law of
melting, giving(Labrosse et al., 2001)

Ts(r) = Tio €X 2(1 1>r2
r) = Ty — —— | —=|.
S 0&Xp 3y L-%-

Before the inner-core crystallization, the tempera-
ture at the geocentdr; is used as a parameter for the
adiabat, giving

(15)

1977; Gubbins et al.,, 1979; Buffett et al.,, 1992;
Braginsky and Roberts, 1995; Lister and Buffett,
1995; Buffett et al., 1996; Labrosse et al., 1997, 2001)

OcmB = Qice + Qc+ QL + Ey + Or (17)

expresses that the total heat loss of the core, the heat
flow at the core mantle boundar@,cwms, is balanced
by the sum of the energy sources: the heat flow com-
ing from the inner-coreQ ca, the secular cooling,
QOc, the latent heatQ,, the compositional energy,
E, (usually called gravitational energy, as discussed
below) and the radiogenic headg.

As explained in the following, all these source
terms, saveDr and Q|cg, can be expressed as
0x = Px(o . (18)

t

which renders the integration of the growth of the
inner-core radiusr(= c(¢)) straightforward.

The case of the latent heat is obvious since it is
directly proportional to the rate of volume increase of
the inner core, which gives:

_2

Tad(r, 1) = T¢ exp|:? . (16)

T PL(c) = 4nc®p(c) Ts(c)AS (19)

The composition of the fluid outer core of the Earth .
is not known with precisioPoirier, 1994put can be ~ With AS the entropy of fusion.
modeled as a binary mixture of iron and an unspecified ~ The secular cooling of the core is simply
light element of mass fractiof It is likely that sev- 9T,
. . ad

eral light elements combine to produce the observed Qc = _/;/PCP o av, (20)

density deficit of the core compared to pure iron in the
same condition of pressure and temperature but takingwhich can be computed directly frofag. (9) and,
into account compositions that are more complicated since the adiabat is anchored to the crystallization tem-
than the binary mixture seems premature, consider- perature at the inner-core radius, will clearly be related
ing the lack of constraints on this composition. Even to the growth rate of the inner core. The voluvien
though the composition of the core may have an im- which the integration is performed needs however to
portant influence on some parameters that are crucialbe discussed. If, as i&q. (17) the heat flow at the
to the problem, like the compositional density jump at ICB is computed separately, this volume must be un-
the inner-core boundary (ICEpIfe et al., 2002a)all derstood as the volume of the outer core only. The heat
these effects can be taken into account in the frame- flow at ICB must then be obtained from the energy bal-
work of this model, as uncertainties in these parame- ance for the inner core which is however such a small
ters. Different values used here are givermable 1 fraction of the total volume of the core, that its con-
The fluctuations around this profiles average to zero tribution to the total balance is smdllabrosse et al.,
in most terms relevant to the thermal evolution, that 1997) The cooling of the inner core can reasonably
is everywhere except when their correlations with the well be approximated by assuming that it is adiabatic
velocity field are involved. (Labrosse et al., 2001in which case, it is added to the
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cooling of the outer core and is understood as the to-

tal volume of the core. In the case where radioactive el-
ements are present in the inner core, their contribution
to the heat flow at the ICB must not be forgotten and

can be added to the radiogenic heat in the outer core,

giving a total of Qr = h(r)Mn, My being the mass of
the core and: the rate of heat produced per unit mass
which is supposed to be uniform in the whole core,
and in particular not fractionating across the ICB.
Then, assuming the inner core to be adiabatic, the
secular cooling of the whole core can be obtained from
integration ofEq. (20)usingEgs. (14) and (15por the
temperature profiles and the resultiRg function is:

2
Pe = 4mHpcCpTio (1 - _> i2
3y) L%
2 c?
exp (— — 1) —} I(H, b) (21)
[ 3y L%
H being a length scale combining, and Lt
1 1 1
(22)

— = — 4 —
2 2 2
H2~ 12712

and I a function coming from the integration of
r? exp(—r?/H?):
b2
(-52)

\/—Eerfﬁ —
2 H
with b the radius of the CMB.

The compositional energy comes from the redis-
tribution of the light elements released at the ICB in
the outer core which has a spatially varying chemical
potential (Braginsky and Roberts, 1995)

b
—exp

I(H, b) = =

(23)

Ey= /V/OE(,U« — puce) dV. (24)
This energy is not equal to the total change of grav-
itational energy of the system, which is also caused
by cooling of the Earth, and crystallizing the inner
core. If the coefficient of chemical expansioa is
uniform, the compositional energy can be proved to
be equal to the change of gravitational energy due
to redistribution of light elements onlyBraginsky
and Roberts, 1995)his is proportional to the rate at
which light elements are released at the ICB, hence,
to the growth rate of the inner core. We can then
write £, = Eg Pg(c)dc/dr of which a version
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Table 2
Total energies
Energy Value
Gravitational, 5" Pg(c) dc 41+10
Latent, 5" PL(c)dc 7.0+£20
Cooling, fy" Pc(c) de 182+ 154
Total, Exot = [5" (Pa(c) + PL(c) + Pe(c)) de 2934188

Computed total energies and uncertainties in units 6f 10

integrated over the growth of the inner core was com-

puted, within the framework of the present model, by

Labrosse et al. (2001)The resulting leading order
C

expression forPg is:2
3 2
<§ B ﬁ) ’

2
(25)
Finally, the energy balance can be written as

8 2.9
Pg(c) = TGAP,OCC b

d
Ocma () = [Pe(c) + PL(c) + Pe(c)]d—j + h(HM,
(26)

and can be used to compute the inner-core growth his-
tory for any given heat flow history and concentration
in radioactive elements. This equation can also be inte-
grated between the onset of inner-core crystallization
(t = —aic, aic being the age of the inner core) and
the present time to get an equation for the age of the
inner core(Labrosse et al., 2001Yhe values for the
integrated energies are givenTable 2and it can be
seen that the secular cooling term is much larger than
the one given irLabrosse et al. (2001 plthough er-
ror bars do overlap. This comes from different choices
in the parameter values, mainly far which, here,
is computed from PREM. The values given here are
more self-consistent and should be used in place of
the previous ones.

Before the inner-core crystallisation, the balance is
simply between the heat flow at the CMB and the sum
of secular cooling and radiogenic heat

OcwmB = Q¢ + ()M,

where, now, the secular cooling is obtained by
time derivation of the adiabat before the inner-core

(27)

2 A higher order expression is used in the actual calculations
below and is obtained from differentiating eq. 44lafbrosse et al.
(2001) with respect to the radius of the inner core.
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Eq. (16) In these equations, the Ohmic dissipation in the in-
dTe ner core and chemical diffusion have been neglected

Qc = —27CppcH I(H, b)—=. (28)  (Lister, 2003)

The energy balancg7) is used to compute the time Several implications of this equation need to be

evolution of the temperature of the core for the period Pointed out. First, each thermal source for the dy-

preceding the appearance of the inner core. namo, X say, that is provided to the core at the

temperaturef, is multiplied by a factor of the form
2.3. Entropy balance (1/Tcm) — (1/Tx) which is reminiscent of the

classical Carnot efficiency of heat engines. On the
Ohmic and viscous dissipation do not appear in the other hand, the gravitational energy due to the inner
global energy balance of a convective system becausecore chemical differentiation enters in the entropy
they are equilibrated internally by the work of buoy- Eq. (31)with a much larger factor of ATcvs, as was
ancy forces(Hewitt et al., 1975; Backus, 1975Jo originally proposed irBraginsky (1964) The secular
relate these quantities to the energy available to drive cooling and radioactive heating, that are mathemat-
convection we need to derive an entropy balance for ically equivalent(Krishnamurti, 1968) enter with a
the core, which reads (e.@Gubbins, 1977; Gubbins small efficiency because these sources are distributed
et al.,, 1979; Braginsky and Roberts, 1995; Roberts over the whole core. Of course, these efficiency argu-
et al.,, 2003; Lister, 2003; Labrosse and Macouin, ments are only indicative and the exact part of each

2003: heat source to the process of the geodynamo depends
on the total energy that each source provide as well.
Qcws = Qres + 0L +/ k <—) dv+/ —dv Another point to make is that all the energy sources
Tevs Tice 4 on the right hand side dEg. (31)are not only used
n /' (h CP@) av, (29) to pr.odu.ce the mag_net.ic field that appears as _Ohmic
v T heating in the dissipation term but also to maintain

where each heat source appears divided by the temperthe conduction along the adiabatic temperature gra-
ature at which it is supplied and the voluriieof inte- dient. This second term on the left hand side can be

gration is that of the outer core. The poorly constrained computed by use dtqg. (3)to give
heat of reaction has not been included here and it can

2 b 2
be argued to play a rather minor rql@ubbins et al., k (E) dv = 4,,/ k (%) r2dr
2003b; Lister, 2003)Even if a turbulent viscosity is as- 1% T c P
sumed, the viscous dissipation can be neglected in the =195 MW KL, (32)

core(Braginsky and Roberts, 199&hd the local dissi-
pative heating is dominated by its Ohmic contribution, T0 compute this quantity, it is important to get back to
J2 the definition of the adiabatic gradiey. (3) giving
¢ = = (30) the right hand side ifEq. (32) and then to develop
. . . d g according toEgs. (13) and (7)respectively.
with J the electric current density and the elec- O(Sl?g could be tempted to get the temperature gradient
D o), e Srytalona ey can e by cenang 0. (1) but s would be nconsste
Eq. (17)to replaceg : ywth the thwd-order deyelopment adopted here, since
q P cmB it comes itself from an integration dq. (3)

VT\? The question that we want to answer now is: what

/ FAdv+ _/ — ] v are the requirements for the core to be able to sustain

9T 1 1 a magnetic field of a given strength? By reasonably

ad . . L. . L

= / (h Cp 2 ) (T — ?) dv assuming the viscous part of the dissipation negligi-

v g cMB ble, one could estimate the total Ohmic dissipation for

1 1 Ec this given magnetic field and use the entrdgy. (31)
+(Qice + OL) + . .

Tcme  Tice Tcme to constrain the energy sources that are necessary to

(31) sustain it. All source terms of tHeq. (31) except the
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one arising from the radioactive heating, can be ex-
pressed as a functiafy of the inner-core radius times
the inner-core growth rate:

/_m/ (g)zdv

= Sc(c) +/ a1~ v
= ) \rews T

This growth rate can then be inferred from the entropy
requirements for any given radioactive heating rate.
This can then be injected in the enelfgy. (26)to get

the heat flux at the CMB necessary to produce this
magnetic field. The question of the link between the
observed magnetic field and the Ohmic dissipation is
however far from obvious and will be addressed in the
next section.

Before the existence of the inner core, the entropy
balance is a simpler version d&q. (31) involving
only radiogenic heating and secular cooling on the
right hand side. The secular cooling contribution for

(33)
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the thermal evolution of the Earth. The task is however
not easier than before because the Ohmic dissipation
in the core is not better known than the heat flow at
the CMB. The reason for this will be discussed shortly
here and some scaling options of the magnetic field
will be presented.

The computation of the Ohmic dissipation in the
core requires the knowledge of the electric current
density (sed=q. (30) which should be obtained from

_VXB
 uo

: (35)

o being the magnetic permeability. The difficulty lies
in the limited knowledge we have about the magnetic
field in the core, restricted to the large scale poloidal
field. Eq. (35)implies that small scales of the field may
have an important contribution to the total dissipation:
a field B varying on a length scalewill contribute

to the local dissipation aB?/(uol)%c. The important
ingredient in computing the total Ohmic dissipation

that period is parameterized by the temperature at thein the core is then the shape of the functiB) (the

center and proportional to its time derivative so that
the equivalent oEq. (33)is now

[Lavs [(SF) av

1
- ST(Tad—f + /V ph (TCMB -

The computation of the different contributionsSge
as well asSt is rather obvious from their definition
and the reference stat8gction 2.] and need not be

%) dv.  (34)

spectrum of the field) rather than the amplitude of the
dipole.

Our knowledge of the magnetic field of the Earth is
constantly increasing, thanks to the more systematic
use of satellitegHulot et al., 2002) but is still lim-
ited to the large scale poloidal field. The small scale
(degree and order larger than around(#bilot et al.,
2002) poloidal field in the core is screened from
our measurements by the crustal magnetic field. The
toroidal field is restricted to electrically conducting re-
gions, which, to a very good approximation, excludes

described in detail here. One must be careful however the mantle, and is therefore not observed at the sur-

not to include the inner core in the computation of the
contribution from the secular cooling and radioactive
heating.

3. Magnetic field scaling

It was shown, in the previous section, that if the
Ohmic dissipation in the core is known, one can infer
the heat flow at the CMB needed to maintain it. Com-
pared to the approach used bgbrosse et al. (1997)

we can then replace the heat flow at the CMB as con-

trol parameter by the Ohmic dissipation, which offers

face. Assessing the contribution of these non-observed
parts of the field to the total Ohmic dissipation in the
core relies on some extrapolation of the magnetic field
spectrum beyond the observable range and is model
dependentRoberts et al. (2003)liscussed in details
several possible choices of model and proposed a total
dissipation® = [ ¢dV between 1 TW and 2 TW. Itis
important to note that the largest contribution to that
number comes from the non-observed part of the field,
essentially the toroidal intermediate scale field. Using
the dynamo model oKuang and Bloxham (1997)
Buffett (2002)proposed ATW < & < 0.5TW, al-
though without excluding the possibility of larger

a hope of using magnetic measurements to constrainvalues.
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The relevant parameter for the cooling of the core
is not the total Ohmic dissipation but the total contri-
bution S of Ohmic dissipation to the entropy budget,
which can be related t@ by the introduction of the
typical temperature at which dissipation occufs,
by (Roberts et al., 2003)

quz/fdvzg.
vT Tp

Tp is unknown but of cours€icg > Tp > Tcms-
Any estimate in the total Ohmic heating in the core
can then provide an estimate of the contribution of
Ohmic dissipation to the entropy equation, with an
additional uncertainty. This uncertainty is the same
as the one involved in going from thermal energies
provided to the core at its boundaries to the thermal
buoyancy flux available for the dynan{tister and
Buffett, 1995; Lister, 2003jvhich is also influenced
by the distribution of Ohmic dissipation. The esti-
mate given byRoberts et al. (2003)using the bounds
on Tp, give 200MWK?! < S, < 600 MWK 1
whereasGubbins et al. (2003agstimate that the en-
tropy production due to Ohmic heating is between
500 MWK~ and 800 MW K. In the present studly,
350 MW K1 < S < 700 MW K~ is assumed. This

is significantly larger than those 8uffett (2002)and

(36)
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the intensity of the dipole is kept constant. This last
scenario was defended IStevenson (1984yho ar-
gued that a regime keeping the Elsasser number close
to 1 is favored for the Earth’s core. However, if the
former assumption holds, the typical change in the
intensity of the dipole in a thermal history model
is only twofold (Labrosse and Macouin, 20Q3m-
plying a factor of 4 change in the Elsasser number,
which may not be enough to make the system change
regime, owing to the uncertainties inherent to this
type of scale analysis. To summarize, the link be-
tween the total dissipation in the core and intensity of
the dipole field is highly uncertain and variations of
the dipole implied in the change of scenario are ex-
pected to be much smaller than the variations observed
on very short time scalefLabrosse and Macouin,
2003)

4. Thermal and magnetic evolution models
4.1. General procedure
In all cases, the value aofs at the present time

(r = 0) and just before the onset of inner-core crys-
tallization ¢ = —a)c) are chosen as input parameters,

the problems he encountered to maintain his largest @nd the relevant entropy and energy equations are then

value of Ohmic dissipation will then be emphasized
here and solutions will be proposed.

Despite all these difficulties, one can always write
that the total Ohmic dissipation in the core is

B2
?=|— D2 4
Hgolp

Bp and/p being typical values for the magnetic field

37)

used to get the corresponding values for the heat flow
atthe CMB. This is possible since the temperature pro-
files are known at both instants. To compute the whole
thermal evolution, the heat flow at each time is nec-

essary and an interpolation (whose form is discussed
below) between the two moments at which it is known

is performed. Some fiddling is necessary because,
although the values are known, the time at which the
early one appliest(= —ajic) is not known a priori.

and the length scale at which dissipation occurs. Of An iterative procedure is used: The inner core is first

course, the link between these scales and the observedissumed to appear 1 Ga ago and a heat flow history is
field and the size of the core are far from obvious then obtained between this time and the present by in-
but several assumptions can be done. One can for ex-terpolation. This, in turn, can be used to get the age of

ample assume that the shape of the spectR(@

is not affected by a change in energy input, only its
level being modified. In this case, the total dissipa-
tion will scale directly as the square of the intensity
of the dipole (Stevenson et al., 1983; Labrosse and
Macouin, 2003) The other extreme would be to as-

the inner coréLabrosse et al., 2001This age is gen-
erally not equal to the initially assumed one and the
same procedure has to be reiterated until convergence.
A heat flow exponentially decreasing with time can
be defended on the base of parameterized thermal
evolution models for the mantle (see discussion in

sume that when the energy input is increased, the Labrosse et al., 2001due to the fact that the heat
scale at which dissipation occurs decreases so thatflow at the bottom of an internally heated convection



S Labrosse/ Physics of the Earth and Planetary Interiors 140 (2003) 127-143 135

system is mainly controlled by the arrival of cold down appearance time of the inner comre=£ —ac, T, =
welling currentgLabrosse, 20023nd is then expected  Tyo) and the considered time € —ayc):
to decrease following the decrease of heat sources in

the mantle. In order to get results as general as possi-TC(t) = Ty — 1

ble, a linear interpolation is also tried (and actually al- " 2nCppcH3I(H, b)

ways used when the heat flow is found to increase with !

time), and gives very similar results in terms of the x /_aIC[QCMBm — h(nMy]dz. (38)

recent evolution (including the age of the inner core)
and of course large differences when going backward Of course, the enerdfq. (27)is then also used to get
to the origin of the system. The results considering the the time derivative of the temperature at the center
age of the inner core can then be considered as robustWhich in turn can be used to get the Ohmic dissipa-
within the framework of a monotonic variation. Such tion at that time. The time evolution of the system
monotonicity is not meant to represent the actual time When the inner core is present is computed numer-
variations of the heat flow at the CMB but rather arun- ically (Runge—Kutta) using the energy conservation
ning average of it, removing the variations associated EQ- (26)
with mantle dynamics while keeping those associated In addition to the values o, at present and just
with thermal evolution. The time scale of mantle con- before the onset of inner-core crystallization, another
vection being long compared to core processes, the parameter has to be chosen: the concentration in ra-
validity of such an averaging procedure is question- dioactive elements. Onl§°K is considered here for
able but discussion of that point is postponed until Simplicity but including other elements would repre-
Section 5 sent no difficulty(Labrosse et al., 2001)
Once the heat flow at the CMB is obtained for the
present time and at the onset of inner core crystal- 4.2. Constant Ohmic dissipation
lization, the heat flow variation with time can also
be extrapolated backward in time up to an age of In the present section, the same dissipation as as-
the 45Ga. This heat flow history can then be used sumed for the present is maintained just before the
to compute the whole thermal evolution of the core, onset of inner-core crystallization. The results of this
using the equation of conservation of energy, and the case are summarized able 3and will be explained
corresponding evolution of the Ohmic dissipation, now. Note that these results are a little different from
using the entropy equation. those given irLabrosse and Macouin (200Bgcause,
The two periods of time defined by the appearance in that paper, the calculations were parameterized by
of the inner core (which is then computed before any- the Ohmic dissipation 1 Ga ago, instead of just before
thing else) must be treated separately: At any time for the onset of the inner-core crystallization.
the period before the existence of the inner core, the For the range of values chosen here $gr, a heat
temperature at the center is simply obtained by ana- flow at the CMB between roughly 7 and 12 TW is nec-
lytical integration of the energlq. (27)between the  essary. This value is very similar to the ones proposed

Table 3

Results for constant dissipation

So(t = 0)(MWK™1) 350 500 700

Ocme(t = 0) (TW) 7.4 9.5 12.3

Ocma(t = —aic) (TW) 15.6 19.8 255

aic (Ma) 843 (807) 660 (632) 512 (491)
Teme(t = —4.5Ga) (K) 1.1 x 10* (6385) 25 x 10* (7596) 93 x 10° (9604)

Results of the efficiency calculation in the cases where the same Ohmic dissipation is maintained just before the onset of inner-core
crystallization as at present. Given are the heat flow at the CMB for the preseng:tin@) as well as just before the appearance of the

inner core(r = —ayc), the age of the inner core and the temperature at the CMB just after core formation4.5 Ga). Three different

values of the total dissipation have been considered and for each of these, the inter/extrapolation of heat flow is either exponential or linear
(values in parenthesis). See text for more details.
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by Roberts et al. (2003and Gubbins et al. (2003b) ‘ : ‘
showing that this result is not very sensitive to the dif- 10 - # Sp=700MW K™
ferences in our respective models. Another point of 1®Se=500MW K
comparison is given by the heat flow down the adia- & | *Se=30MWK?
batic temperature gradient at the top of the core, which \'_J/
is 7+ 3TW with the parameters used in the present U?
study. This value is quite high, in part because of the =3
radius dependence of the thermal expansion coefficient )
(Section 2.). In all cases presented here, the heat flow
at the CMB is larger than this value, although only
slightly in the case with the lowest dissipation, indicat- T ‘ T ‘ ; ‘ ; ‘ 1
ing that the outer core is thermally unstable through- 0 1000 AZOOO M 3000 4000
out. Other options, involving a stratified layer at the ge, Ma
top of the corgLabrosse et al., 199/3re possible and Fig. 1. Evolution of the contributior§s of Ohmic dissipation to
this question should be addressed if the contribution of the entropy balance in the core relative to the present value when
Ohmic dissipation to the entropy equation is assumed the same value is assumed just before the inner-core appearance.
o belower than nthe present sy, ke fo example 3 e o cxnena o
the mmlmum. value propose'd Buffett (2002) This in(t)er/extrapolation is assumed for the heat flow gt the CMB (see
type of solution would require a modification of the )
model(Labrosse et al., 1998nd is out of the scope
of the present paper, which is why no valueSgf be-
low 350 MW K~1 was investigated here. was for example obtained Buffett (2002)who used

If the same dissipation has to be maintained, by ther- the same type of thermodynamic approach as here,
mal convection alone, just before the inner core started coupled with a parameterized evolution of the mantle.
to crystallize, a much larger heat flow is necessary (be- One can note that this dissipation varies quite im-
tween 15 and 26 TW), because of the lower efficiency portantly with time, the present value being obtained
of that process compared to compositional convection. only once before, that is just before the appearance of
When these heat flow values are extrapolated expo-the inner core, as specified initially. In particular, there
nentially backward in time, the thermal evolution of is a sharp increase of dissipation in the early history
the core can be computed and the initial temperature of the inner core, due to the qualitative change of the
at the CMB is ridiculously high and this problem is processes responsible for dynamo action. This shows
not solved by decreasing the entropy requirements by that the assumption of a constant Ohmic dissipation
a factor of 2 as chown buffett (2002) Although throughout the Earth’s history is not feasible since the
more reasonable, the results obtained using a linearsharp increase that has to result from inner core nu-
extrapolation are still difficult to accept in the case of cleation cannot be counter balanced by a change of
a large dissipation. heat flow at the CMB, on such a short time scale. This

Figure 1shows the time evolution if¢ relative to heat flow is anyway controlled by mantle processes
the present value, corresponding to the different casesthat are largely independent of the dynamo and there
of Table 3 It can be seen that the recent evolution of is absolutely no reason to expect any such feedback.
the system is not very sensitive to the choice of in-  If the Ohmic dissipation is assumed to scaleR&s
terpolation but that the differences become important with the intensity of the dipole, an increase of this
when looking at the evolution prior to the existence dipole of about 2x 10°2Am? in a few tens on Ma
of the inner core (IC). Extrapolating exponentially is expected at the onset of inner core. Such a change
based on two different values so close in time is is rather small compared to the variations observed in
clearly dangerous but, as discussed_bprosse et al.  the intensity of the dipole in the last 300 M&elkin
(2001) an exponential decrease of the heat flow at the and Tauxe, 2000; Labrosse and Macouin, 20@3kh,
CMB is generally obtained in parameterized models obviously, cannot all be attributed to the appearance
for the cooling of the mantle. This type of evolution of the inner core. The appearance of the inner core
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seems then difficult to detect from that signal, until a
better understanding of the link between the Ohmic
dissipation in the core and the variations of the dipole
have been reached.

4.3. Variable Ohmic dissipation

Since it was shown that the Ohmic dissipation in the
core has to change rapidly when the inner core starts
crystallizing, there is no reason to try and maintain it
constant. It seems more reasonable to assumeghat
was a given factor smaller than at presdrabrosse
and Macouin (2003argued for a factor of 4, based on
paleointensity data and the assumption that the dissi-
pation scales aB? as a function of the intensity of the
dipole. Assuming thafy was four times lower just
before the inner core started crystallizing=£ —ayc)
than at present, a heat flow at that time essentially
equal to the present one, or even smaller, is sufficient
to maintain it (able 4. This implies a reasonable ini-
tial temperature at the CMB.

The time evolution of the contribution of the Ohmic
dissipation to the entropy equation relative to the
present value is shown iRig. 2 One can note that,
except for the sharp increase due appearance of th
inner core, it is rather constant, and actually much
more so than when it was tried to keep it constant
in Section 4.2 The maximum variation of the dipole
field that would be obtained if it is assumed to scale
as the square root of the dissipation would be again
about 2« 10?2 AmZ, that is undetectable in the present
databasélabrosse and Macouin, 2003)

Table 4
Results for variable dissipation

So(= [¢/T dV)(t = 0)(MW K1 350 500 700

Ocme(t = 0) (TW) 7.4 95 123

vpace="0.5"Sy (= f¢/TdV) 87.5 125 175
(t = —ac) (MWK —1)

Qcme(t = —aic) (TW) 8.1 9.2 10.6

vpace="0.5"qic (Ma) 1197 994 811

Teme(t = —4.5Ga) (K) 4784 4781 4695

Results of the efficiency calculations in the case where the contri-
bution S¢ of Ohmic dissipation to the entropy balance is assumed
to be four times smaller just before the appearance of the IC than
at present. An exponential interpolation of the heat flow has been
assumed for the case with lowe&f and a linear one for the oth-
ers. A linear interpolation in the case 8§ = 350 MW K~1 gives
almost identical results.

e
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®S,=500MW K- |
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SofSalt
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2000 3000 4000
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Fig. 2. Evolution of the Ohmic dissipation in the core relative to
the present value when a value 4 times smaller is assumed just
before the inner core appearance than at present. Different symbols
are for different values o4 (s = 0) (as labeled). The case with
the lowestSy uses either exponential (plain line) or linear (dashed
line) interpolation whereas the other two cases only use a linear
interpolation (see text).

Both linear and exponential interpolation were used
in the only case that has a decreasing heat flow at the
CMB (a linear interpolation is always used in the case
of an increasing heat flow), that is the case with the
smallest dissipation. The results are almost identical,
as shown irFig. 2and, compared to the results given
in Table 4 only the initial temperature at the CMB
would be slightly different (4777 K instead of 4784 K
in the case of a linear interpolation).

It can be noted ifrig. 2that the case with the great-
estS¢ has a dissipation going down to zero at about
t = —3 Ga. This happen because the heat flow at the
CMB, which decreases with age in that case, is such
that its contribution to the entropy equation approaches
the one due to conduction along the adiabatic gradi-
ent, leaving no room for Ohmic dissipation. In this
scenario, the magnetic field would not have appeared
before 3 Ga ago. Of course it relies on the choice of
values forSg both at present and just before the on-
set of IC crystallization. The factor of 4 between these
values is reasonabl@.abrosse and Macouin, 2003)
but other values could be defended as well. This ratio
could be adjusted in order to get a perfectly constant
heat flow at the CMB or slightly decreasing one, pro-
ducing a temporal evolution somewhat between these
of Figs. 1 and 2
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Fig. 3. Time evolution of the entropy (left) and energy (right) balances in the case of a present dissipatid00 MW K~ and a value
4 times smaller just before the onset of inner-core crystallization. Each contribution to the entropy balance is normalized by the present
value of Sy and the total heat flow down the adiabatic gradient at the top of the core (not shown) is fairly constant and equal to 7 TW.

Figure 3shows the evolution of the entropy (left) the core formed. Reviewing the different experimen-
and energy (right) balances in the system with= tal results addressing this question is clearly out of the
500 MW K1, These clearly illustrate that, since the scope of the present paper (fReberts et al., 2003
appearance of the inner core, the compositional en- for a discussion of the different arguments in the de-
ergy, although rather small, plays the major part in bate) but it is enough to say that the resulting concen-
maintaining the magnetic field. It also shows that the trations in potassium in the core vary largely between
conduction along the adiabatic gradient in the core is being negligible (e.gOversby and Ringwood, 19Y2
an important contribution to the entropy balance, that up to 1500 ppm(Roberts et al., 2003)that would
can even be larger than the Ohmic dissipation before be producing about 10 TW at present. The most re-
the existence of the inner core, as in the case consid-cent experimental resul{&essmann and Wood, 2002;

ered here. Rama Murthy et al., 2003rgue for a concentration
of potassium of @L00) ppm, producing less than 1
4.4. Effect of radioactive heating TW at present. Acknowledging the important sources

of uncertainties in that parameter, as well as the pos-

Including radioactive heating in the core has been sible implications in the case of other planets, differ-
proposed as a heat source from the very beginning of ent values for the concentration in potassium will be
the convective dynamo theory (eBullard, 1949 but considered here, up to 750 ppm.
the question of the concentration of radioactive ele- To keep the number of different variables small,
ments in the Earth’s core has never been settled. In- Sp is assumed to be the same just before the onset of
cluding its effect into a thermodynamic theory of the inner-core crystallization and at prese$ig,(r = 0) =
Earth’s core is then legitimate since it might help to Se(r = —aic) = 500 MW K1, and the results are
understand the thermal evolution of core and also pro- given inTable Swhere the corresponding results with-
vide arguments for or against the existence such heatout radioactive heating have been replicated. It can be
source in the core. The debate has mainly focused seen that the present value of the heat flow at the CMB
on 0K (although other options could be considered, necessary to maintain a given Ohmic dissipation, is
Labrosse et al., 20QIbecause it was originally pro-  larger than in the corresponding non-radioactive case.
posed, from cosmochemical arguments, that a large This comes from the lower efficiency of radioac-
part of the original supply to the forming Earth was tive heating compared to other energy sources, due
stored in the core. The actual concentration of potas- to it being released mostly at the top of the core.
sium in the core depends on its partition coefficient be- This is also true for the heat flow just before the
tween silicates and iron at the condition under which onset of inner-core crystallization, but to a lesser
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Table 5

Effect of radioactivity

K (ppm) 0 250 500 750
Ocma(t = 0) (TW) 9.5 10.6 11.6 12.7
Mnh(r = 0) (TW) 0 1.8 3.6 5.4
Ocme(t = —aic) (TW) 19.8 20.3 20.1 21.4

aic (Ma) 660 (632) 731 (732) 829 (795) 979 (934)
Mnh(t = —4.5Ga) (TW) 0 21.8 43.7 65.6
Ocms(t = —4.5Ga) (TW) 1429 (83) 585 (73) 273 (63) 140 (54)
Tems(t = —4.5Ga) (K) 2.5 x 10* (7596) 14 x 10* (6653) 9128 (5735) 6300 (4837)

Results of the thermal evolution calculation for cases with potassium in the core as function of its concegtrdtioall these cases,
Se(t = 0) = Sp(r = —aic) = 500 MW K~1. When they differ, results obtained with both an exponential and a linear (values in parenthesis)
inter/extrapolation are displayed.

extent because the difference between the efficiencythat is required is larger than in the non-radioactive
of radioactive heating and other thermal sources is case, the difference is less important for the time
less important than with compositional energy (see just before the onset of the inner-core crystallization
Eqg. (31). Having a larger heat flow at the CMB than which itself is slightly older, both factors making, via
in the non-radioactive case implies that the age of the the extrapolation procedure, a smaller heat flow at the
inner-core is only a few hundreds of Ma larger than origin. Second, for the same initial heat flow, a large
in the corresponding case without radioactivity. It is part of it is used to extract radiogenic heat instead
certainly not enough to make it as large as the age of of cooling down the core, which does not need to
the Earth itself. In order to clarify this point that may start as hot as in the non radioactive cases. In fact,
seem counter intuitive, let's consider the extreme (and the core may even start by heating up if the radioac-
non realistic) case where all radioactive elements are tive heating overcomes the heat flow at the CMB,
located at the top of the core, at a temperature equalas is the case in the calculation with the highest ra-
to Tcme- EQ. (33)shows that radioactivity in that case  dioactivity and a heat flow linearly varying with time
contributes nothing to maintaining the Ohmic dissi- (Table 5.
pation. The growth rate of the inner core has to be This situation of an initially heating core can lead to
kept the same as in the non-radioactive case to main-a scenario with an inner core existing over the whole
tain the same dissipation and the resulting inner-core history of the Earth: If the core is formed with already
age is identical. On the other hand, radioactivity a significant solid portion and a radioactive heating
contributes completely to the energy balaif2é) so larger than the heat flow at the CMB, the inner core
that the heat flow at the CMB is increased by that would start to melt and when the decay of radioactive
amount. Now, in the actual case where the concentra- heating makes it lower than the heat flow at the CMB,
tion in radioactive elements is uniformly distributed it would start to crystallize again. This scenario was
in the core (still mostly at the top in mass average), proposed byuffett (2003)and would be the only one
it contributes a little to the entroplg. (33) making able to satisfy the interpretation that the osmium sig-
the growth rate of the inner-core a little smaller and nal seen in some samples is a signature of core mantle
the inner core a little older. It still contributes com- chemical interactior{Brandon et al., 1998; Meibom
pletely to the energy baland@6), making the heat  and Frei, 2002)This scenario is however difficult to
flow at the CMB larger than in the non-radioactive accept since, in addition to a huge concentration in
case. radioactive elements (enough to maintain the dynamo
On the other hand, the presence of radioactivity in as the only heat source and melt the inner core), it re-
the core helps the model in making the initial tem- quires a very cold start whereas the gravitational en-
perature more reasonable than in the correspondingergy released by the formation of the core is sufficient
non radioactive cases, and this for two reasons. First, to heat up the whole Earth by about 200Rlasar
because although the present heat flow at the CMB and Birch, 1973)



140 S Labrosse/ Physics of the Earth and Planetary Interiors 140 (2003) 127-143

5. Discussions and conclusion non-radioactive core cases. This is in sharp contrast
to what one gets when keeping the heat flow at the
Although a general agreement has been achieved inCMB constant while adding radioactive elements in
the community regarding the thermodynamics of the the core without considering the magnetic field gen-
Earth’s core, some debates persist in terms of param-eration(Labrosse et al., 2001Dn the other hand, the
eter values and on the choice of the quantities that presence of radioactivity in the core would provide an
should be assumed constant in a thermal history cal- energy source alternative to the secular cooling before
culation. These questions may seem rather secondarythe existence of the inner core, which would help to
in importance but they need to be addressed if one make a colder start than in the non-radioactive case.
wants to make predictions relevant to other fields of  If one wants to get a very old inner core, a much
Earth sciences. If the Ohmic dissipation in the core smaller Ohmic dissipation than the values taken here
is assumed to be the same before the existence of theare necessary, as for example the minimum dynamo
inner core as at present, a much larger heat flow at requirements proposed WBuffett (2002)which then
the CMB is necessary then to maintain it, which may produce a heat flow at the CMB of about 2 TW. This
require a unacceptable initial temperature at the ori- value is much smaller than the heat flow down the
gin of the Earth. However, the heat flow at the core adiabatic gradient at the top of core, which would
mantle boundary is a result from mantle dynamics and require the development of a thick stratified layer at
evolves on time scales much longer than those rele- the top of the coréLabrosse et al., 1997; Lister and
vant to core dynamics. For this reason, the sharp in- Buffett, 1998) The present model needs to be mod-
crease in the efficiency of convection at the onset of ified to account for that possibility, since adiabaticity
the inner-core crystallization must express itself as a has been assumed throughout the core. Including
sharp increase in Ohmic dissipation. There is then no this possibility might help since it would reduce the
reason to keep this parameter as a constant in a ther-entropy produced by conduction along the average
mal evolution model. If this assumption is relaxed and temperature profile. This contribution to the entropy
the dissipation before the inner core appeared is as-balance is of the same order as the contribution from
sumed to be smaller than at present by some factor, 4 Ohmic dissipation. It can even be larger in some sce-
say, about the same heat flow as at present is enougmarios, like before the existence of the inner core in
to maintain it, giving very reasonable initial tempera- the case presented Fig. 2 On the other hand, as
ture in the system. Of course there is no reason eitherpointed out byGubbins et al. (2003ayeducing the
to expect the heat flow at the CMB to be constant with temperature gradient also reduces the efficiency of all
time and intermediate solutions (with a smaller fac- heat sources that involve the difference in temperature
tor between the values of Ohmic dissipation at present between the source and the CMB.
and just before the onset of the inner core) are possi- The only way of getting a inner core as old as the
ble and would give reasonable initial temperatures.  Earth while keeping the heat flow at the CMB within
Another parameter which can be adjusted is the reasonable bounds consists in having a core originally
concentration in radioactive elements, lik% con- formed with a large inner core that is then melted
sidered hereLabrosse et al. (20013howed that, if by a strong radioactive heating and then subsequently
the heat flow at the CMB is kept the same as in the crystallized agairiBuffett, 2003) This last solution is
cases with no radioactive heating, an older inner core awkward since it requires, a large concentration in ra-
could be obtained. However, the relevant parameter dioactive elements, a low initial heat flow at the CMB
to be kept identical if we want to compare models and very cold formation of the core, which is not fa-
with and without radioactivity is the present Ohmic vored by thermodynamics of core formatigRlasar
dissipation. Because radioactive heating is the leastand Birch, 1973)
efficient of all heat sources, a much larger present An important development that should come in
heat flow at the CMB is required in presence of ra- the future is a coupling of the present model for the
dioactivity to maintain the same dissipation than in thermal evolution of the core and a proper thermal
the case with no radioactivity. This results in an inner history model for the mantle. Several such attempts
core only a few hundreds of Ma older than in the have already been madgtevenson et al.,, 1983;
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Mollett, 1984; Labrosse, 1997; Yukutake, 2000; plate boundaries move in response to their mutual in-

Grigné and Labrosse, 2001; Buffett, 2002; Nimmo teraction, inducing important heat flux variations on

et al., 2003)but the reliability of these models can very large time scalef_abrosse and Tackley, 2001)

be questioned for several reasons. First, most of theseln the Earth, a similar behavior is likely to occur and

models assume a heat flux across the CMB following induce heat flow variations on time scales of the or-

a Ral/® scaling, Ra being the Rayleigh number de- der of 400 Ma, typical of the Wilson cycle. This time

fined with the local properties of the boundary layer. scale is not negligibly small compared to the age of

Such a scaling is typical of high Rayleigh nhumber the Earth and even less so when compared to the age

convection where the boundary layer has a dynamics of the inner core as found in the present study. Includ-

essentially independent of the interior flow. Although ing variations on this time scale is certainly challeng-

this assumption is perfectly valid for the surface ing but is the next step toward a better understanding

boundary layer, the dynamics of the bottom bound- of the thermal and magnetic evolution of the Earth’s

ary layer of an internally heated system is found to core.

be mostly controlled by the arrival and spreading

of cold plumes(Labrosse, 2002)This effect is also

increased by the temperature dependence of viscos-Acknowledgements
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