\ COMP‘I‘ES RENDUS

Available online at www.sciencedirect.com
*(!fa ‘\E

sCIENcE‘dDIRECTs
\t}u

- = da 50'9'
ELSEVIER C. R. Geoscience 335 (2003) 37-50 GEOSC'ENCE

Internal Geophysics / Géophysique interne
The inner core and the geodynamo

La graine et la géodynamo

Stéphane LabrosseMélina Macouin

Département de géomagnétisme et paléomagnétisme, Institut de physique du Globe, 4, place Jussieu, 75252 Paris cedex 05, France
Received 22 October 2002; accepted 28 October 2002

Written on invitation of the Editorial Board

Abstract

Using energy and entropy constraints applicable to the Earth’s core, the heat flow at the core—mantle boundary (CMB) needed
to sustain a given total dissipation in the core can be computed. Reasonable estimates for the present Joule dissipation in the
core gives a present heat flow of 6 to 10 TW at the CMB. Palaeointensity data acquired from rocks younger than 3.5 Ga provide
support that the Joule dissipation in the core before inner core crystallization was between today’s value and four times lower
than today. Prior to inner core crystallization (around 1 Ga), the magnetic field was maintained by thermal convection driven by
core cooling, and our calculations of the two extreme cases predict that the heat flow at the CMB at that time was either 14 to
24 TW in the case of constant dissipation, or essentially the same as today in the lower field intensity case.

O 2003 Académie des sciences/Editions scientifiques et médicales Elsevier SAS. All rights reserved.
Résumé

Les contraintes thermodynamiques intégrales portant sur I'énergie et I'entropie dans le noyau de la Terre sont utilisées
pour relier la dissipation dans le noyau au flux de chaleur a la frontiére noyau—manteau (FNM). Des estimations raisonnables
de la dissipation par effet Joule dans le noyau actuel nécessitent un flux de chaleur total entre 6 et 10 TW. Les données de
paléointensités disponibles pour des ages inférieurs a 3,5 Ga peuvent étre utilisées pour contraindre I'évolution de la dissipation
par effet Joule au cours du temps, et en particulier pour la période avant I'existence de la graine, la dynamo fonctionnant alors
uniguement par convection thermique. Les données étant trés partielles, deux interprétations sont possibles : la dissipation
est constante, indépendamment de la croissance de la graine, ou la dissipation par effet Joule était environ quatre fois plus
faible avant I'apparition de la graine. Dans le premier cas, la convection thermique étant moins efficace que la convection
compositionnelle, un flux de chaleur a la FNM entre 14 et 24 TW a été nécessaire il y a environ 1 Ga, alors que dans le second
cas, un flux de chaleur proche du flux actuel était suffisant.
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1. Introduction

The inner core of the Earth influences the dynamo
in several ways. Since the proposition by Jacobs [22]
of a mechanism for its formation by gradual crystal-
lization accompanying core cooling, it has been recog-
nized that this process may provide an important con-
tribution to the power driving the dynamo. Verhoogen
[52] pointed out that the inner core crystallization pro-
duces latent heat that could drive thermal convection
in the outer core, whereas Braginsky [3] proposed
that this process also produced a chemical differentia-
tion that could drive compositional convection. Both
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associated with the inner core exceeds ¥6 and
imposes some stability to the magnetic field at that
time scale. In particular, it was found in some nu-
merical models of the geodynamo [10] that after the
magnetic field reverses in the outer core, to be sta-
bilized in the reverse direction, it needs to reverse
in the inner core, necessarily by diffusion. Gubbins
[13] argued that this is what makes the difference
between an excursion and a reversal of the geomag-
netic field: an excursion is a reversal in the outer
core that did not succeed in propagating all the way
in the inner core. However, these ideas were re-
cently challenged by Wicht [53], essentially because
of the small size of the inner core (4% of the vol-

processes have been accepted as part of the drivingume of the core) and of the large periods (of order

power for the dynamo and show an obvious connec-
tion between the inner core and the Earth’s magnetic
field.

The inner core also has a more dynamical effect
on the generation of the magnetic field. Because of
the fast rotation of the Earth, the fluid flow tends to
be independent of, the position along the axis of

10* years) that dominates the dynamics of the outer
core.

All these effects of the inner core on the dynamo
have been studied by several authors, mainly in the
context of the present time Earth. However, the inner
core is a small fraction of the total volume of the
core and its crystallization up to its present size can

rotation (Proudman—Taylor theorem). For this reason, have been quite fast. Some recent studies [28,29]
the tangent cylinder of the Earth’s core, the imaginary have found that the inner core is less than 2.5 Ga
cylinder that is parallel to the axis of rotation and old, an age of B 0.5 Ga being preferred. It is then

tangent to the inner core, is thought to have an tempting to try and predict the expected signature of
important role on the dynamics of the core. In some the apparition of the inner core on the palaeomagnetic
dynamo models (see [7] for a critical review) the record and search for it in the data. The uncertainties
magnetic field is primarily generated outside of that on physical processes involved as well as on the
tangent cylinder, so that the volume available to that palaeomagnetic record render the task formidable and
end decreases with the inner core growth much faster all the conclusion that are given are rather speculative.
than the volume of the outer core. For this reason, We will then try to emphasize, in the course of

Jault [23] suggested that if the radius of the inner core the present paper, where improvements are the most

becomes larger than a critical sizg say, the dynamo
would stop. Although the findings of Jault [23] rely
on a particular choice of model, it is physically
based on the model-independent Proudman—Taylor
theorem and it has been found in other models since
then [1,34]. The exact value of the critical radius
rc seems however model dependent. Glatzmaier and
Roberts [11] do not find any sign of a critical size
of the inner core, possibly because, in their model,
the magnetic field is mainly produced in the tangent
cylinder.

The inner core is also likely to affect the dy-
namo through its finite conductivity. As pointed out
by Hollerbach and Jones [20], the diffusive timescale

needed.

In this paper, we will concentrate on the effect of
the inner core on the available power to drive the geo-
dynamo and the lack of the corresponding power be-
fore the inner core started to crystallize. Sakuraba and
Kono [43] have demonstrated the feasibility of a dy-
namo in the absence of inner core, the driving power
coming from internal heating or secular cooling. How-
ever, their model uses a Boussinesq approximation
and, as will be developed below, the major difficulty
in driving a dynamo before the inner core comes from
maintaining the adiabatic gradient with a limited heat
flux at the core mantle boundary (CMB), a problem
that cannot arise in such a model.
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2. Thermodynamics of thecore will keep the light element unspecified, the fraction of
which that fractionate at the inner core boundary (ICB)
2.1. Average profiles being a variable parameter in the problem.

To supplement these equations, one needs an equa-

Several time scales are involved in the dynamics of tion of state relating the densigyto the pressure and
the core, but they are not all relevant to the problem temperature and the equation for the acceleration due
considered in the present paper, and we need to sep-o gravity,g(r) = 4;’—2‘7 Oruz,o(u) du with G the grav-
arate them. This matter is only briefly presented here, itational constant. This system of coupled equations
but is discussed in details in [4]. Since we are inter- can be solved iteratively to any required precision [29],
ested in the thermal evolution of the core, the time providing the boundary condition that the temperature
scale is imposed by the total heat loss of the core, the at the ICB ¢ = c(¢)) is equal to the liquidus at this
heat flow at the core mantle boundary (CMB) that is depth. The adiabatic temperature profile is then con-
controlled by mantle convection. All processes occur- veniently written as
ring with time scales shorter than, say, the million year 5 2

. . co(t)—r

can therefore be averaged. In particular, the convection Ta4(r, 1) = Ts[c(1)] exp|:7:|

processes, at the origin of the magnetic field, only en- D?

ter in the problem in maintaining the outer core in a _ 3Cp

state close to hydrostatic, well mixed and adiabatic, ~With D = 700G (2.4)

which respectively reads: pe

9p The solidification temperaturgs can be expressed in

- = —pg (2.1) a similar form by use of the Lindemann law of melting
[29].

3 -0 (2.2) The fluctuation around this profile average to zero

ar in most terms relevant to the thermal evolution, that

o _ _ogT 2.3) is everywhere except when their correlations with the

or Cp velocity field are involved.

with P, & andT the pressure, composition in light el-
ements and temperatugeandg the radius-dependent
density and acceleration due to gravity andndCp The energy balance of the core reads [4-6,12,16,
the coefficients of thermal expansion and the heat ca- 28-30]

pacity by unit mass. The temperature being adiabatic

means that any given fluid parcel that is moved up- or Qcms = Qics + Oc + QL + Oc + Or (2.5)

downward fast enough that it does not exchange heat, 5y gtates that the total heat loss of the core, the heat
stays in dynamic equilibrium with |t:~*f surroundmg'. IFg; flux at the core mantle boundar@cus, is balanced
temperature changes only due to its compressibility p, the sum of the heat sources: the heat flow coming
following Eq. (2.3). Egs. (2.2), (2.3) also imply that from the inner coreQcg, the secular coolingQc,

the outer core is isentropic (e.g., [4,28]). . the latent heatQ , the gravitational energyQg and
. The light element is .kept unspecified here, and it is the radiogenic heag. In this equation, the pressure
likely to actually be a mixture of several elements [40]. heating has been neglected [14,29] as well as the heat

This question might be of importance, since the COM- ¢ reaction, and the pressure effect on freezing can be
position influences the physical characteristics of the | ded in the latent heat [14]. All these source terms,
outer core and, in particular, the way the mixture is af- saveQr, can be expressed as

fected by crystallization at the ICB has a major effect

on the energy available to drive the dynamo. Gubbins Ox = Px(c) % (2.6)

et al. [15] argue that only oxygen is likely to be signif- dr

icantly released upon freezing the outer core mixture The detailed expressions for all tig have been com-
and is then the only light element useful for driving puted elsewhere [29] and will not be replicated here.
the dynamo. These questions are still debated and weThe fact that all these terms can be expressed in terms

2.2. Energy balance
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of the inner core radius and growth rate is not obvious the energy balance shows that it is improperly named

for all these terms and need some explanations. and should rather be called compositional energy. This
The largest source is the secular cooling of the core, energy term would still be present in the balance in
QOc, and can be written as an imaginary steady-state situation where the light el-
3Tag ements enter at the bottom of the system through a

Oc= _/PCP o dv (2.7) membrane and goes out at the same rate through an
v upper surface membrane. In this situation, the gravi-

with V the volume of the outer core. To a good ap- tational energy is kept constant, but a compositional
proximation [29], the inner core can be assumed adi- €Nergy term s present in the global energy balance. In
abatic so thap¢ can include the cooling of the inner ~ the case of the core, the CMB is usually assumed to
core (Qice). The above expression (Eq. (2.7)) is kept be impermeable to the light elements and the release
the same except that is then the total volume of the of these elements at the ICB and their mixing in the
core. The expression of the adiabatic temperature pro-Outer core make the gravitational energy of the core
file (Eq. (2.4)) shows that the only time variation for decrease and this part of the gravitational energy de-
this profile is linked to the radius of the inner core, crease is equal to the compositional energy term [4].
justifying the expression (2.6) for this source term. Finally, the heat equation can be written as:

The latent heat of crystallization is obviously re- de
lated to the growth rate of the inner core, but the case QOcmg = [PC(C) + PLe) + PG(C)]E +h(®) Mn
of gravitational energy is more complex. When the (2.8)

temperature of the outer core decreases, some outelif the heat flow at the CMB is known as a function
core material close to the ICB crystallizes and be- of time, the growth history of the inner core can be
comes part of the inner core. Assuming that the outer computed from this equation for any given radiogenic

core is on the iron-rich side of the eutectic, the concen- heat generation per unit massMy being the mass of
tration of light elements in the solid formed is smaller he core.

than the concentration in the liquid. Conservation of
matter implies that the remaining light elements are 2 3. The age of the inner core
released to the outer core where they drive composi-

tional convection. This process, responsible in partfor  |f one is not interested in the exact growth history
the generation of the magnetic field, enters as a sourcepf the inner core, but rather in the onset of its

in the energy balance due to the rearrangement of light crystallization, Eq. (2.8) can be integrated between
elements in a non-uniform chemical potential field [4].  thjs time = —a and the present, = 0, where the

This term is not equal to the total change in gravita- present radius of the inner core= cf is well known,

tional energy of the core, as claimed in [47], butonly g give:

to the part due to chemical differentiation of the inner

core (see Appendix B of [4]). The gravitational energy 0

of the core also changes, due to freezing of the inner / QOcwme(?) df = / [Pc(e) + PL(c) + Pa(c)]de

core and thermal contraction of the core and mantle, =, 0

but this does not enter in the global energy balance

and is merely balanced by the work of the pressure

forces on the CMB during contraction [16]. The part

that enters the energy balance can be computed rigor-

ously (e.g., [4,15,29]) but it suffices here to say that it If the concentration in radioactive elements in the core

is proportional to the rate of release of light elements and Qcwmg(¢) are known as a function of time, this

at the ICB, and by conservation of matter to the rate equation can be solved for the age of the inner core

of growth of the inner core. This justifies Eq. (2.6) a [29].

for Qg. The heat flux at the base of an internally heated
This discussion about the gravitational energy convective system being dominated by the arrival of

change of the core and the part of which that enters cold down-welling structures (plates in the Earth’s

cf

0
+ / M h(t) dt
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mantle) [27], it can be argued [29] that this heat flux with J the electric current density, the electrical con-
should roughly follow the exponential decrease of the ductivity, u the fluid velocity andr the viscous stress
radiogenic heat in the mantle. Exploring such time tensor, is usually assumed to be largely dominated by
evolution laws within reasonable bounds, Labrosse the Joule heating part. The gravitational energy can
et al. [29] obtained a maximum age of 2.5 Ga for the then be reintroduced in the problem by the use of the
inner core and a value of#0.5 Ga strongly favoured.  energy equation (2.5):

The magnetic field of the Earth is known to have 5

existed for at least 3.5 Ga (e.g., [18,32]), which means /fdv+/k<ﬂ> dv

that the mode of its generation may have changed J T T

when the inner core started to grow. v

_ Q¢ 1
2.4. The entropy balance " Teme +(Qics + QL)(TCMB B T|CB>

The energy balance presented in Section 2 is not +/p<h —Cp aTad)( r 1) dv (2.9)
sufficient to derive the efficiency factors that are ot Teme T

needed to relate the strength of the magnetic field
to the energy sources. The reason for this is well Several implications of this equation need to be
known: the dissipation of the system does not enter pointed out. First, each thermal source for the dynamo,
in the global energy balance, because it correspondsX say, that is provided to the core at the temperature
to an exchange of energy inside the core. Efficiency 7x. is multiplied by a factor of the fornil/7Tcws —
calculations applied to convective flows differ from 1/Tx) which is the classical Carnot efficiency of heat
their Carnot engine counterpart in that the useful work €ngines. On the other hand, the gravitational energy
is done inside the system and can, in some cases,due to the inner core chemical differentiation enters
exceed the heat flows at the boundaries [2,19]. in the entropy equation (2.9) with a much larger
This section follows the arguments first developed factor of 1/Tcms, as was originally proposed in [3].
by Backus [2] and Hewitt et al. [19] and subsequently The secular cooling and radioactive heating, that are
developed by several authors [4,14-16,42] and appliesmathematically equivalent [25], enter with a small
them to the present core as well as for the period efficiency because these sources are distributed over
prior to the inner core formation. The details of the the whole core. Of course, these efficiency arguments
derivation are not given here but can be found in the are only indicative and the exact part of each heat
cited literature. The general line is easy to understand: source to the process of the geodynamo depends on
the local entropy equation is integrated over the outer the total energy that each source provide as well. The
core and this equation is then combined with the respective amplitude of these sources can be related to

energy equation (2.5) to relate the dissipation to the the growth rate of the inner core, as was done for the

energy sources. energy balance in Section 2.2.
The entropy equation integrated on the volube Another point to make is that all the energy sources
of the outer core is: on the right-hand side of Eq. (2.9) are not only used to
VT2 produce the magnetic field that appear as Joule heating
Qcms _ Qics + Ou +/k<—> dv in the dissipation term, but also to maintain the con-
Tewve Tics T duction along the adiabatic temperature gradient. This
\% .
second term on the left-hand side can be computed by
¢ 14 0Tad ;
+ | Zdv+ | E(n-Cp dv use of Eqg. (2.4) to give
T T at
\% \%

b
2 2
where each heat source appears divided by the tem-/k<ﬂ> dv :4n/k<0‘g> 2dr
perature at which it is supplied. The local dissipative 0 T Cp

shear and Joule heating:
2

~ 150 MWK™?!

J
¢o=—+1:(Vu) with b the radius of the CMB.

o
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The question that we want to answer now is: what the CMB between 6 and 10 TW is required to sustain
are the requirement for the core to be able to sustain their estimate for the present dissipation without ra-
a magnetic field of a given strength? By reasonably dioactivity, whereas Gubbins et al. [15] find 16 TW
assuming the viscous part of the dissipation negligible, in the same situation. Both proposition give an in-
one could estimate the total ohmic dissipation for this ner core around 1 Ga old or less, in agreement with
given magnetic field and use the entropy equation (2.9) the results of [29]. It is however well known that
to constrain the energy sources that are necessary tahe geodynamo operated for much its history (Sec-
sustain it. All the source terms of Eq. (2.9), except tion 3) and the question of dynamo efficiency be-
the one arising from the radioactive heating, can be fore the existence of the inner core needs to be ad-
expressed as a functiofy of the inner core radius  dressed.
times the inner core growth rate:

2.5. Efficiency of the dynamo before the inner core

2
/deJr/k(E) dv
v r v r Before the onset of the inner core crystallization,
de 1 1 the dynamo must have operated by thermal convec-
= Sc(c) — + / ph< - —) dv (2.10) tion alone. This section is devoted to the dynamo re-
dr v Tems T quirements in that case. These come from a simplifi-

cation of the previous derivation, after suppressing the
energy sources coming from the inner core growth, the
latent heat of freezing and the gravitational energy due
to chemical differentiation. The energy equation sim-
ply expresses a balance between the heat flux at the
CMB and the sum of secular cooling and radiogenic
heating:

This growth rate can then be inferred from the entropy
requirements for any given radioactive heating rate.
This can then be injected in the energy equation (2.5)
to get the heat flux at the CMB necessary to produce
this magnetic field. One must realize that the solution
is not unique as the radioactive heat in the core and the
age of the inner are not known, so that only a relation
between these two parameters is obtained. 3Tad
This procedure, although simple, is in practice not Ocwms Z/"’ [h(t) —Cp a7 }dv
easy, since only part of the magnetic field is mea-
sured at the surface, the large-scale poloidal field. Us-
ing this part of the field can only provide a lower
bound for the total dissipation and the contribution
of intermediate to small scale currents, possibly via

(2.11)

where now the adiabatic temperature profile has to be
parameterized by the temperature either at the centre
or at the CMB, and the secular cooling term can be
et computed by the use of the average profiles of den-
turbulent dissipation [4,42], as well as the total con- gy and temperature (Section 2.1) and is proportional

tribution from the toroidal field that is confined t0 {5 the time-derivative of the temperature at the cen-
the core may be much larger. Roberts et al. [42] es- ¢ Te:

timate the total ohmic dissipation to be between 1 g
and 2 TW, about 20 times larger than the large scale 0Tad ., Tc
dissipation that could possibly be estimated from the / pCr = AV =—4mpcCrl -3~
surface of the Earth. To go from this estimate to Vv

the first term on the left-hand side of Eq. (2.9) re- T is the integral of the exponentials entering the ex-
quires the knowledge of the effective temperature at pression for the average temperature and density pro-
which this dissipation occur, which they cdlh. This files and can be easily computed analytically [29].
temperature is not known, bucg > 7o > Tcwms, The entropy equation is also obtained from a
which converts to 200 MWK?! < [, (¢/T)dV < simplification of Eq. (2.9) where only the last term
600 MW K~1. On the other hand, Gubbins et al. [14] on the right-hand side is kept. This term contains the
estimate that the entropy production due to ohmic contribution from the radiogenic heat and the secular
heating is between 500 and 800 MWK Using these cooling, the latter being expressed as a funciprof
estimates, Roberts et al. [42] find that a heat flux at T times dic/dt:
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vT
T

~N|e

V/ dV—l—V/k( >2dV

dT,
S119 g +/h<
14

Gubbins et al. [14] find that a heat flux of 30 TW

1
——)dV (2.12)
TITems T

. Geoscience 335 (2003) 37-50
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based on the entropy equation (2.9), but one must real-
ize that the distinction between thermal and composi-
tional convection lies in the link between the buoyancy
fluxes and the total energies available. In particular,
the compositional buoyancy fluxes can be computed
from the reference state and the buoyancy provided at
boundaries, whereas the thermal buoyancy fluxes are

across the CMB in necessary to maintain the presentaffected by the distribution of the dissipation through

dissipation without the inner core whereas Roberts
et al. [42] find that the dynamo efficiency is around
3% in the absence of the inner core and radioactivity.

2.6. Buoyancy fluxes

Following [19], the total dissipation can also be
estimated by making use of a well-known equilibrium
between the work of buoyancy forces on one side and
the total dissipation on the other (e.g., [2-4,6,12,19,
28,30]):

/¢dV:—/u-(VP—pg)dV (2.13)
\%4 \%4

This equation is strictly valid only if one neglects the
rate of change of kinetic and magnetic energies [12] or
averages over a convective cycle [4].

This equation implies clearly that dissipative heat-
ing, hence dynamo action, can only arise from devia-
tions from the hydrostatic balance (Eq. (2.1)). These
deviations, although small, cannot be neglected in
Eqg. (2.13) since they are multiplied by the large ve-
locity, as discussed in Section 2.1. Hewitt et al. [19]
proposed to use this equation to estimate the total dis-
sipation from the buoyancy flux in thermal convection.
Lister and Buffett [30] extended that approach to the
core case where both thermal and compositional buoy-
ancy fluxes contribute to Eq. (2.13). This equation can
be developed around the hydrostatic balance to give:

/¢dV=—/pou~(§’V,u+s’VT)dV (2.14)
\% \%

with pp the averaged (hydrostatic) density,and s’

the perturbation of composition and entropy around
the average profiles andthe chemical potential. Lis-
ter and Buffett [30] argue that this equation makes
no distinction between chemical and thermal buoy-

the local equation of energy conservation and cannot
be computed a priori without solving the full dynamo
solution. In particular, depending on the distribution of
the dissipation in the core, the thermal buoyancy will
be enhanced (if it is released close to the ICB) or de-
creased (if itis closed to the CMB). This uncertainty is
the same as the one involved in transforming the total
dissipation into its contribution to the entropy equa-
tion, that is in the correct value of the temperattise
(Section 2.4). Lister and Buffett [30] show that this un-
certainty is of the order of 15%, which may be consid-
ered as negligible if the total dissipation is small com-
pared with the other heat sources. On the other hand,
if the estimate of the total dissipation of Roberts et al.
[42] holds, 1 TWL @ < 2 TW, itis of the same order

as the other heat sources and this uncertainty needs to
be considered.

A further issue deserves a careful examination:
what happens to the buoyancy provided on the right-
hand side of Eq. (2.14) in the case of non-dynamo so-
lution? One is forced to accept that the viscous dissipa-
tion has then to be large enough to equilibrate the work
of buoyancy forces. In the present core, the molecu-
lar viscosity of liquid iron at core condition is too low
[39] to dissipate the work of buoyancy fluxes, and Bra-
ginsky and Roberts [4] showed that in the core even
the turbulent viscosity gives a negligible contribution
to the total dissipation. However, viscous dissipation
strongly depends on the scale of movements, and it
has to be much different when no dynamo is operat-
ing. Itis well known that the magnetic field tends to in-
crease the spatial scales of the flow hence reducing vis-
cous dissipation. A simple scenario for the transition
from the weak field to the strong field branches of the
geodynamo can then be proposed: when a weak field
of finite amplitude develops for a Rayleigh humber
larger than the critical Rayleigh number for dynamo
action, the magnetic field makes the viscous dissipa-

ancy, so that both processes power the dynamo equallytion decrease by enlarging the convective structures of
well. This statement seems to contradict the argumentsthe flow, leaving more room on the left-hand side of



44 S. Labrosse, M. Macouin / C. R. Geoscience 335 (2003) 37-50

Eq. (2.14) for Joule dissipation, leading to a further de- dissipation but the dipole field is a small contribution
crease of viscous dissipation. This process may thento the total dissipation. The assumption underlying the
amplify until viscous dissipation becomes negligible prediction of Stevenson et al. [48] is that the available
and all the work of buoyancy forces is balanced by power affects the magnetic field at all scales in the
Joule heating. This scenario is an alternative view to same way, keeping constant the shape of its spectrum
the more classical view based on force balances (e.g.,during its time evolution. This assumption is quite
[46]). Conversely, when the importance of buoyancy strong and could well be found erroneous with future
sources is decreased in a strong field dynamo situation,developments of the dynamo theory. In particular, it
there will be a point where the decrease of the mag- has been found recently [26] that the ratio of the dipole
netic field and the associated Lorenz force will tend to to the rest of the magnetic field may be very sensitive
increase the viscous dissipation which will slow fur- to the value of the Rayleigh number. However, all

ther down dynamo action. Since the level of Joule dis-
sipation at which this transition occurs is not known, it
is not possible to infer the minimum energetic require-
ments for strong dynamo action. It would be tempting
to get that value by setting a zero dissipation in the en-

present dynamo models are still operating in a regime
that is quite remote from the Earth’s one [7] and the
assumption made by Stevenson et al. [48] will be used
in the rest of the paper for the sake of discussion. It
means that the total ohmic dissipation will be assumed

tropy equation but the previous discussion shows that to scale as the square of the intensity of the dipole.

it is incorrect: the dynamo process would undergo a
transition from strong field to weak field before and

the dissipation would then be mostly viscous. On the
other hand, for all the situations where a strong mag-
netic field exists, as is the case for most of the Earth’s
history, the viscous dissipation plays no role and the
requirement to maintain a given Joule dissipation can

We select, from the Montpellier intensity database
[36,37,50], data obtained from Thellier—Thellier-type
experiments [51] using pTRM checks, the only tech-
nique that provides robust palaeointensity data. Dur-
ing this procedure, consistency checks are regularly
performed in order to detect alteration or irreversible
changes in magnetic mineralogy. The use of other

be derived from the entropy equation. techniques, such as alternating field method, system-
atically overestimate the average Virtual Dipole Mo-
ment (VDM) [24]. We added to the database selection
Precambrian palaeointensity measurements performed
in the last years [33,44,49,54,55]. Recently, Macouin

It is tempting to search the palaeomagnetic records et al. [31] obtained 22 new intensity estimates from
for an evidence of the onset of the inner core crystal- Canadian dykes well-dated between 1 and 2.4 Ga, in-
lization. As was presented above (Section 2) the dy- creasing significantly the Precambrian intensity data-
namo process is more efficient when an inner core base. The data that are marked as transitional are also
is growing and driving compositional convection than removed from the analysis, because they would bias
before. For this reason, Stevenson et al. [48] predicted the result to low intensity without being representative
a sharp increase in the intensity of the magnetic field of the long term evolution of the field. Finally, 87 data
on the appearance of the inner core. Although the in- for the 1-300 Ma and 45 data for the Precambrian are
ner core takes some time to reach an appreciable size selected.
precise calculations [28,48] indeed predicta ratherfast  Selected VDMs are plotted in Fig. 1, where each
increase of the energy sources related to that growth. point represents one cooling unit (lava flow, dyke), so
Hale [17] claimed that such an increase could be seenthat one study can provide more than one point. The
in his palaeointensity curve, at 2.7 Ga. However, this clustering of the data points then represent the short-
intensity increase is only constrained by one data at term variability of the field as well the quality of the
2.5 Ga and needs to be reconsidered. sampling.

Before turning to the data, one must realize that At first sight, most intensity data for the period
the link between the power available for the dynamo before 1 Ga ago seem of lower intensity than in the
and the intensity is far from obvious. As discussed in more recent period. However, two studies reported
Section 2.4, the available power relates to the ohmic rather high intensity data that are plotted in Fig. 1.

3. Consgtraintsfrom palaeointensity data
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VDM, 10?2 A m?

I |
2000 3000

Age, Ma

Fig. 1. Virtual dipole moment (VDM) as a function of age. Open circles represent data from the database that are selected and solid circles
represent new data from [31]. The large hexagone is the present value. The dashed lines are the average values for the recent and ancient times,
whereas the solid lines are tentative envelop curves for the same periods.

|
0 1000

Fig. 1. Moment du dipdle virtuel en fonction de I'age. Les cercles vides représentent les données de la base qui sont sélectionnées (voir texte)
et les cercles pleins sont les nouvelles données de la référence [31]. L'hexagone noir est la valeur du dipdle actuel. Les lignes tiretées sont les
valeurs moyennes pour les périodes anciennes et récentes, alors que les lignes pleines sont des enveloppes approximatives du signal pour les
mémes périodes.

The 1.1-Ga-old 1%+ 3.6 x 10?2 Am? value obtained  time scales, not related to the growth of the inner
by [38] has been kept in the figure, despite the fact core. The mantle driven variations of the heat flux at
that it is not supported by pTRM checks, because the CMB can produce variations of the magnetic field
it is often mtgd. However, it has not been used in gn 100 Ma time scales and the turbulent dynamics
the computation of the averaged VD;\/I. Tv;/o other of the core, even under perfectly constant boundary
rather high vgzlges ae the80.2 x 10_2 Am=and  congition, can produce variations on shorter time
6.3+ 02 x 10°" Am* intensities optamed from two scales. In particular, the dipole field is responsible for
2.6-Ga-old dykes of the Slave Province (Canada) [54]. . N
) . . a very small portion of the total dissipation in the core
The largest of these values is consistent with the 2.5- - .
. [42] and the variations of the dipole moment do not
Ga-old one used by [17] to claim the appearance of ' o T
imply variations of the total dissipation on the same

the inner core (which is not kept here because it does . e AR
not satisfy the selection criteria) and is indeed larger timescales: it might just correspond to redistribution of

than the few older data, but it is also larger than most €Nnergy between the dipole (represented in Fig. 1) and
younger values, as well as the other value from the higher-order components of the field. These variations
same study. Furthermore, when looking at the intensity of the spectrum of the magnetic field may very
variations in the better sampled recent period (age well occur at constant total dissipation. An uneven
< 301 Ma) one can see important variations on short sampling of such variations can easily lead to incorrect
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conclusions and one must use the envelope of the(a period we will term ancient), as well as the
signal to obtain any robust result. present field, although by different processes. The
It can be seen from Fig. 1 that the present dipole ancient magnetic field must be sustained by thermal
(8 x 10?2 Am?) is rather high compared to the recent convection only, powered by secular cooling of the
period (1-301 Ma) average 5.1+ 2.6) x 10?2 Am? core and possibly some radiogenic heat, whereas the
(note that this value is not significantly different from present magnetic field is sustained by both thermal and
the value of 46 + 3.2 x 10?2 Am? obtained by [45]  compositional buoyancy sources.
for the 0.3-300 Ma using the database and new data We have seen in the previous section that there is
from submarine basaltic glass). Moreover, the 301 Ma a suggestion of a magnetic field having a somewhat
of the recent period represent approximatively twice smaller intensity during the Precambrian than in the
the age of the oldest ocean and is then a timescale inlast few hundreds of Ma. Considering the very sparse
which the heat flux at the CMB can vary, but likely not sampling of the Precambrian period, such a suggestion
by orders of magnitude. The spatial configuration of must be taken with great caution until more measure-
the heat flux at the CMB can change on that timescale ments are made. We will then use the intensity of the
and affect the spectrum of the magnetic field, even ancient magnetic field relative to the present one as
if keeping the net heat flow constant. For all these a control parameter for the model. The total dissipa-
reasons, we will represent the whole period by a tion for the ancient core will be assumed to scale as a
unique value for the dissipation, with a large error square of this parameter time the present dissipation.
bar. The values discussed before (Section 2.4) refer  Another control parameters of the model is the con-
to the present magnetic field, which has a moment of centration in radioactive elements. It was usually as-
8 x 10?2 Am?, but smaller values could be defended sumed, in the recent literature, that the Earth’s core
for the recent period based in Fig. 1. does not contain a significant amount of any radioac-
The VDM averaged over the period before 1 Ga tive elements (although the possibility was included
old is (2.8 + 1.8) x 10?2 Am?, that is more than  in [29]), but Roberts et al. [42] used data on parti-
twice lower than the present value and 55% of the tioning coefficient between silicates and a iron—nickel
average for the period 1-301 Ma. These differences alloy [35] to infer the other extreme possibility, that
are small compared to the short-term variation within is the largest concentration of potassium that could
each period, but they may be significant. In the have been incoporated in the core during its forma-
following, two alternative interpretations of Fig. 1 will ~ tion. This maximum value they obtained, 1420 ppm,
be considered. The intensity of the field is essentially gives a present-day heat generation in the core of more
constant on the time scale of the thermal evolution of than 9 TW. If confirmed, such an important heat gen-
the Earth, so that the same Joule dissipation has toeration would change considerably the current views
be maintained by core cooling before the existence on the thermal evolution of the Earth and its mag-
of the inner core or the intensity of the field before netic field generation. However, Gessmann and Wood
the inner core is half the recent one, giving a Joule [9] criticized the results of [35] and predicted an up-
dissipation that is 25% of the present one. The former per bound of 2 TW for the present heat production by
interpretation is essentially the one proposed by Prévot potassium in the core, and strongly preferred a much
and Perrin [41], who stressed the limited number of smaller value. Consequently, the concentration of ra-
data, in particular for the Precambrian, but the larger dioactive elements will be assumed negligible in the
present number of available data can be used to arguefollowing of the paper.
for the latter interpretation. The general strategy is simple: given a total dissi-
pation in the present core, the growth rate of the in-
ner core needed to sustain it is obtained from the en-
4. Dynamo requirementsthrough time tropy equation (2.10) and is then injected in energy
equation (2.8) to obtain the corresponding heat flow
We will try in this section to construct a thermal at the CMB. For a time before the inner core crystal-
history of the core that is able to produce the magnetic lization, the total dissipation is first obtained from the
field before the onset of the inner core crystallization present one and the ratio between ancient- and present-
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Table 1 either exponential in the case of a heat flux decreas-
Results of the efficiency calculation concerning the heat flux at ing with time, arguing that this heat flux is primar-
the core mantle boundary (CMB), the age of the inner core ”y controlled by down-welling currents in the man-

and the temperature at the CMB just after core formatiog= ( . .
—4.5 Ga). Two different values of the total dissipation have been tle [27,29] or linear in the case of a heat flux constant

considered and for each of these: the dissipation before the inner- OF Slightly increasing with time. If the age of the inner
core crystallization can either be the same as the present one core is found to be larger than the time at which the an-
(constant dissipation) or four times smaller (variable dissipation), cient dissipation is used, this time is adjusted and the
corresponding to a magnetic field twice smaller. The term ‘ancient’ computation is performed again, until convergence of
stands for an era before an age that is the maximum between the age, . Lo .
of the inner core and 1 Ga the process. In practice, this situation was encountered
Tableau 1 only once (Table 1). o
Résultats des calculs de rendement concernant le flux de chaleur ala WO Values of the present entropy contribution
frontiére noyau—manteau (FNM), I'age de la graine et la température f(d’/T) dV from Joule dissipation, 350 MW« and

a la FNM juste aprés la formation du noyau, il y a 4,5 Ga. Deux 700 MWK~ have been studied, spanning a large
vale_ur; de_la dissipation totale Qnt été employées_ et, pour chacur}e, range of proposed values and, for each one of these
la dissipation totale avant lexistence de la graine est supposee \ a1 65 two scenarios: the total dissipation is either
étre, soit égale a la dissipation actuek®r{stant dissipation soit .
quatre fois plus faiblevariable dissipatioly correspondant alors & SUPPosed to be the same before the onset of the inner-
un champ magnétique deux fois moins intense. Le terme «ancient» COre crystallisation or to be 25% of the present value,

se rapporte & la période avant un age qui est le maximum entre I'age corresponding to a magnetic field of half the present

de la graine et 1 Ga strength.

[(¢/T)dv (MWK~1) 350 700 The results of the calculation given in Table 1

Ocwms (TW) present 5.7 9.7 have been obtained with the same numerical values as
Constant Ocme (TW) ancient 13 23 used in [29], except the thermal expansion coefficient
dissipation  age of the IC 923Ma 620 Ma which is derived from the identity = y p Cp/Ks, the

Toms (1 =—456G3 8783K  12940K Gruneisen parameter and Cp being kept constant
Variable Qcwme (TW) ancient 6.4 8.7 and p/Ks being derived from our equation of state
dissipation age of the IC 1.3Ga 860 Ma

fitted to PREM [8]. This gives a thermal expansion
coefficient that is variable with radius, but an averaged
value of 13 x 10° K~ is precise enough for the
field intensities. This dissipation is then converted into present purpose [14].

cooling of the core, using the relevant entropy equa-  The temperature at the CMB at= —4.5 Ga is
tion (2.12), which can then be used to infer the heat computed by assuming that the heat flux variation
flux at this time (Eqg. (2.11)). Although apparently sim- between the onset of the inner-core crystallization and
ple, this procedure hides another parameter: the onsetthe present can be extrapolated backward to that time.
time of inner core crystallization. This should be a re- The equation of conservation of energy (2.11) then
sult of the whole procedure, since it can be computed allows an analytic computation of the temperature at
from the heat flux at the core—mantle boundary (Sec- the beginning of the Earth’s history.

tion 2.3). However, to apply the thermodynamic pro- As can be seenin Table 1, a present heat flow at the
cedure for the time before the inner core, we need to CMB of 6 to 10 TW is enough to sustain the present
know at which time it has to be applied. This means magnetic field, with the help of compositional con-
that a consistency check has to be performed after thevection and latent heat associated with the inner-core
heat flow has been obtained. In practice, the thermo- growth. If the same dissipation has to be maintained
dynamic balances are applied for the present and theby cooling of the core only before the inner-core ex-
timer = —1 Ga that can be argued to be before the in- istence, a heat flow of 13 to 23 TW is necessary 1 Ga
ner core crystallization (Section 3). This provides two ago, the age of the inner core being then between 600
points for the time—heat flux curve which is then in- and 900 Ma. The largest dissipation considered re-
terpolated to compute the onset time of the inner core quires a large increase of the heat flow at the CMB
crystallization. There is no strong support for any spe- with age which in turn implies a very large initial tem-
cial form of interpolation, but two options are used: perature at the CMB. On the other hand, if the ohmic

Tewms (t = —4.5Ga) 4241K  4283K
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dissipation before the inner core is about a fourth of currently increased and the global record should then
the present value, an hypothesis marginally supportedimprove in the forthcoming years. It will however
by paleointensity data, a heat flow fairly constant with stay limited by the existing well-conserved magmatic
age is sufficient, giving an age of the inner-core of outcrops.
1+ 0.3 Ga. This second scenario is preferred, since  Concerning the interpretation of the record, several
an increase of the available buoyancy should produce challenging questions remain and are linked to the
anincrease in Joule dissipation, the viscous dissipation problem of the dissipation in the core. The very large
being negligible at all times. This shows, if necessary, amplitude variation on short time scales can be argued
that more paleointensity data, particularly for ages be- to come from processes internal to the core rather
tween 500 Ma and 1 Ga, would be highly valuable in than variations in the energy sources available. The
understanding the thermal evolution and the dynamics rather small variations on long time scales on the other
of the Earth. hand has to be related to thermal evolution processes
and can be interpreted either as a constant dissipation
in the core (considering the large error bars) or as a
5. Conclusion factor-two increase between the pre-inner-core period
(age greater than about 1 Ga) and the recent period.
Modeling the thermal evolution of the core and The latter model has the advantage of giving rather
the growth of the inner core requires the knowledge small variations in the heat flow across the core mantle
of the heat flux at the core-mantle boundary and boundary as well as a reasonable initial temperature in
of its variation with time [28,29], both of which  the deep Earth.
being poorly constrained and depending on mantle
convection [27]. Following [16] and [42], an entropy
equation for the core can be used to relate the Joule A cknowledgements
dissipation in the core to energy sources available to
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