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SUMMARY

We model the thermal evolution of the core and mantle using a parametrized convection scheme,
and calculate the entropy available to drive the geodynamo as a function of time. The cooling
of the core is controlled by the rate at which the mantle can remove heat. Rapid core cooling
favours the operation of a geodynamo but creates an inner core that is too large; slower cooling
reduces the inner core size but makes a geodynamo less likely to operate. Introducing potassium
into the core retards inner core growth and provides an additional source of entropy. For our
nominal model parameters, a core containing &~ 400 ppm potassium satisfies the criteria of
present-day inner core size, surface heat flux, mantle temperature and cooling rate, and positive
core entropy production.

We have identified three possibilities that may allow the criteria to be satisfied without
potassium in the core. (1) The core thermal conductivity is less than half the generally accepted
value of 50 W m~! K~!. (2) The core solidus and adiabat are significantly colder and shallower
than results from shock experiments and ab initio simulations indicate. (3) The core heat flux
has varied by no more than a factor of 2 over Earth history.

All models we examined with the correct present-day inner core radius have an inner core
age of <1.5 Gyr; prior to this time the geodynamo was sustained by cooling and radioactive

heat production within a completely liquid core.

Key words: conductivity, convection, entropy, thermal evolution.

1 INTRODUCTION

The evolution of the Earth’s core is one of the most fundamental
topics in geophysics, relating as it does to the processes of planetary
accretion and differentiation (e.g. Stevenson 1990); the history of
mantle and core temperatures (e.g. Stacey & Loper 1984; Breuer
& Spohn 1993); and the generation of the Earth’s magnetic field.
The latter topic has been investigated both analytically (e.g. Backus
1975; Loper 1978; Gubbins et al. 1979; Stevenson et al. 1983;
Braginsky & Roberts 1995; Buffett et al. 1996) and through so-
phisticated numerical simulations (e.g. Glatzmaier & Roberts 1995;
Kuang & Bloxham 1997; Olson et al. 1999; Kutzner & Christensen
2002).

Progress has recently been made in three areas relevant to core
and geodynamo evolution. First, there is now a much better un-
derstanding of how to parametrize (Solomatov & Moresi 2000) or
numerically model (Tackley 2000; Montague & Kellogg 2000) plan-
etary heat transfer when plate tectonics, compositional contrasts, or
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strongly temperature-dependent fluids are involved. Secondly, ab
initio simulations of core properties (Alfe et al. 2002a) are now in
reasonable agreement with experimental determinations (Brown &
McQueen 1986; Yoo et al. 1993), although some disagreements re-
main (Boehler 1993). Finally, there is now experimental evidence
(Gessmann & Wood 2002; Lee & Jeanloz 2002; Murthy et al. 2003)
to support older geochemical arguments (e.g. Goettel 1974) that ra-
dioactive elements may be present within the core, acting as an extra
power source for the geodynamo.

In this paper, the thermal history of the core and mantle are mod-
elled simultaneously using a parametrized convection scheme, and
the entropy available to drive the geodynamo as a function of time
calculated. A suite of different models with different core and mantle
parameters are explored. Successful models must: (1) successfully
reproduce the inferred present-day core and mantle temperature and
viscosity structure; (2) successfully reproduce the present-day heat
flux; and (3) generate enough entropy within the core to allow a
geodynamo to function over the last 3 billion years (McElhinny &
Senanayake 1980). These criteria are readily satisfied if the core
contains a few hundred ppm potassium; successful models without
core potassium can be constructed, but require more extreme param-
eter choices. In agreement with other models (e.g. Labrosse et al.
2001; Buffett et al. 1996), we find that the inner core is unlikely to
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exceed &~ 1.5 Gyr in age; at earlier times, radioactive heat production
and cooling of an entirely liquid core generates sufficient entropy to
maintain the geodynamo.

Section 2 discusses previous contributions to the field, and com-
pares the different approaches to that adopted in this paper. Sec-
tion 3 lays out the theoretical framework, and Section 4 discusses
the parameters adopted in this study. Section 5 outlines the re-
sults obtained for the nominal parameter set. The effects of the
uncertainties in these parameters and comparisons with previous
work are discussed in Section 6, and Section 7 summarizes the
results.

2 PREVIOUS WORK

Although the magnetohydrodynamic equations governing geody-
namo behaviour are hard to solve numerically (e.g. Glatzmaier
2002), a necessary (though not sufficient) condition for geodynamo
operation may be obtained by simply considering the energy or en-
tropy production in the core. Braginsky (1964) and Gubbins ef al.
(1979), among others, give the basic equations for the energy and
entropy changes in a cooling core. Stevenson ef al. (1983) consid-
ered only energy, not entropy, but coupled the core thermal evolution
to that of the mantle, and investigated the consequences for various
terrestrial planets. Schubert et al. (1988) did the same for Mercury.
Mollett (1984) used a similar coupled core—mantle approach, and
also calculated the present-day entropy production. Although some
more recent mantle thermal evolution models have included a core
(e.g. Yuen et al. 1995; Honda & Iwase 1996; Tackley & Xie 2002),
they do not generally include effects, such as entropy generation or
latent heat release, relevant to the geodynamo. The approach of this
paper is similar to that of Mollett (1984), although the details and
the results are significantly different.

While the core cooling rate is ultimately determined by the rate at
which heat can be extracted by the mantle, recent core calculations
have tended to neglect the mantle thermal history and assume a core
cooling rate by fiat. Buffett ez al. (1996) obtained analytical expres-
sions for the contributions to the core energy budget as a function
of core growth; Roberts e al. (2003) took a similar approach and
stressed the role of radioactivity in entropy production. Labrosse
et al. (1997, 2001) concluded that the inner core was unlikely to
be older than about 1.7 Gyr unless the core contained significant
radioactive elements. Roberts & Glatzmaier (2001) performed a nu-
merical investigation of likely terrestrial geodynamo behaviour for
different inner core sizes, but did not explicitly examine the history
of the core. Buffett (2002) calculated the core cooling rate based
on a parametrized approach similar to the one adopted here, and
also concluded that the core thermal history required radioactive
elements within the core; he did not, however, calculate the entropy
production with time.

Although previous approaches have often been analytical, the
state of the Earth’s inner core is well known, allowing a numeri-
cal approach to be used. Gubbins ef al. (2003a,b, hereafter G1 and
G2, respectively) used seismological (e.g. Dziewonski & Anderson
1981) and mineralogical (e.g. Alfe et al. 2002a) data to peform
numerical integrations giving the present-day rate of energy and en-
tropy change. They did not, however, consider the time evolution
of the core. This paper uses the same equations as G1 and G2, but
adopts various approximations which allow analytical expressions
to be obtained, in a similar manner to Buffett ef al. (1996), Labrosse
etal. (1997,2001) and Roberts et al. (2003). The advantages of this
approach are threefold: first, it allows the effects of uncertainties

in the various parameters to be readily quantified; secondly, it al-
lows the time-evolution problem to be investigated; and thirdly, the
same approach can be applied to other planets (e.g. Schubert ez al.
1988; Stevenson et al. 1983; Nimmo 2002) for which the relevant
parameters are less well known.

A major focus of this work will be to explore the role of potas-
sium in the core. Core potassium would provide an extra source
of entropy (e.g. Mollett 1984) and a mechanism for slowing inner
core growth (e.g. Labrosse ef al. 2001), and its role will be ex-
amined in some detail below. Recently, three experimental groups
(Murthy et al. 2003; Gessmann & Wood 2002; Lee & Jeanloz 2002)
have independently argued that significant [O(100 ppm)] amounts
of potassium may have partitioned into the core during its for-
mation, contrary to previous expectations (e.g. Chabot & Drake
1999). The results are preliminary, and there is considerable un-
certainty in extrapolations to the pressures and temperatures of
equilibration, themselves uncertain. It is therefore of interest to see
whether theoretical models of the kind presented here also support
the presence of potassium in the core. Although, owing to uncer-
tainties in other parameters, we cannot conclude that potassium is
required, we will conclude that its presence in the core is highly
probable.

3 THEORY

The thermal evolution of a planet may be calculated if the sources of
energy and the rates at which energy is transferred are both known.
This section examines these two factors separately. In the first part,
the sources of energy and entropy are derived, following the formu-
lation in papers G1 and G2. In the second part, the rates of energy
transfer are derived, and the expressions for planetary thermal evo-
lution given. The final part gives the method for calculating the state
of the inner and outer core.

3.1 Sources of entropy and energy

The calculations of G1 and G2 depend on a particular model of the
density and temperature structure of the core (PREM: Dziewonski
& Anderson 1981). It is therefore of interest to extend their calcu-
lations to a more general case. We will adopt the analytical density
and temperature expressions obtained by Labrosse ef al. (2001) to
calculate entropy and energy. It will be shown below that the results
obtained are very similar to those obtained by G1 and G2. An ad-
vantage of the analytical approach is that the effects of uncertainties
in parameters are more easily investigated.

3.1.1 Preliminaries

The density within the Earth’s core increases by about 35 per cent
from the core-mantle boundary (CMB) to the centre of the planet.
Following Labrosse et al. (2001), we assume that the variation of
density p with radial distance » from the centre of the Earth is given
by

P(r) = Peen eXP(—”z/LZ)s (1)

where p ., is the density at the centre of the Earth and L is a length-
scale given by

3Ko(In 22 4 1)
L= 2w T 2
2w GpOpcen
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Here K and p are the compressibility and density at zero pressure,
respectively, and G is the universal gravitational constant. Roberts
et al. (2003) take a similar approach to the one here, but assume a
more complicated form for the density variation. From eq. (1), the
mass of the core M is given by

R
M, = dv
fo o(r)

LZ L3 R
= 47T Peen |:— -7 exp(—r?/L?) + Tﬁerf(r/L)] , 3)
0

where R is the core radius. Similarly, the acceleration due to gravity
g is given by

4 3r?
g(r) = TGpcenr (1 - W) . 4)
The error introduced by neglecting the density jump A p across the
inner core boundary (ICB) is of order R}/L* < 1, where R; is the
inner core radius (Labrosse et al. 2001). Note that we incorporate
the effect of the density jump when considering compositional con-
vection (see below).
The adiabatic temperature 7 within the core is given by

T(r) = Teen exp(_rZ/DZ)’ (5)

where T, is the temperature at the centre of the Earth and D is a
lengthscale given by

D = /3C,/27 . Peen G- (6)

Here C, is the specific heat capacity and o the thermal expansivity.
Note that eq. (5) assumes that the ratio o /C, is constant.
Finally, the pressure is given by

4nGpL, [(3r L ——

py =+ T (35 - S Jewrin] )
where p. is the pressure at the core—mantle boundary (CMB).

Papers G1 and G2 assume an outer core that is well-mixed, close
to hydrostatic and adiabatic outside thin boundary layers. The solid-
ification of the inner core releases light material into the outer core,
which may drive compositional convection; the cooling of the outer
core drives thermal convection. Under these assumptions, the equa-
tions for changes in entropy £ and energy Q during core cooling
were obtained in G1 and G2. With the variation of p, g and 7 within
the core described by eqgs (1), (4) and (5), respectively, analytical
solutions to these equations are derived below. Hereafter, equation
numbers from paper G1 and G2 are denoted by I-(xx) and II-(xx),
respectively.

3.1.2 Specific heat (Qs, E)
Eq.1-(31), Is = [ pT dV,is simply given by (Labrosse et al. 2001)

Is = 47 TeenPecn (—AZTRe*RZ/AZ + A}Tﬁ erf[R/A]) , ®)

where

o= (ke %)1 | ©)
The contributions O and E can thus be derived:

where M is the mass of the core, and 7', the core temperature at
the CMB.
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3.1.3 Radioactive heating (Qg, Er)

Eq. [-(26), It = f p/TdV is more complicated and depends on
the relative sizes of D and L. For D > L we have

4 B2R B}
Iy = Peen (PR 2B By erf[R/B] ), (In
Teen 2 4
where
) 1 1\!
B=(z-m) - (2

For L > D we have

4mp B’R 0,2 B*S.(B,R)
1 — cen R*/B _ n ) 1
T T < 2 © 2 ’ (13)
where
1 1\
B = (ﬁ — ﬁ> (14)

and S, (B, R) is proportional to [ exp(r?/B?*) dr and can be obtained
using (Abramowitz & Stegun 1972)

R B &
S,(B,R) = 7T ﬁ;

These equations allow the contributions Qg and Ex to be deter-
mined:

e—nz /4

p sinh(nR/B). (15)

M,
Ow=MH, Ex= (7 - 1T> H, (16)

C

where H is the heat production per unit mass within the core.

3.1.4 Latent heat (Qy, E;)

The contributions Q; and E| are easily obtained from 1-(33) to
1-(37):

i

d (i - To)
=4n R Lypi—,  EL= Q01—
O T LG L 0O di L O T.T
where Ly, is the latent heat of fusion, p; is the density at the inner
core boundary (ICB), which may be obtained using eq. (1), and T}
is the temperature at the ICB.

) amn

3.1.5 Gravitational contribution (Qg, E,)

From (4), the potential v/ (r) relative to zero potential at the CMB is
given by

V() = %ncp r? 1—3L’2 , (18)
37 e 1002 )|

Eq. I1-(39) gives

DT,

Qg = |:/ pde - Mocw(Ri)] ﬂCCCCl’tha (19)

where M . is the mass of the outer core, ‘oc’ denotes the outer core,
B. is a compositional expansion coefficient, C,dT./dt = dR;/dt,
and

47 R} pix

C. =
¢ Moc

. (20)
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where y is the weight concentration of element being expelled from

the inner core during freezing. The compositional expansion coef-

ficient 8. is defined in I1—(5) and Gubbins et al. (1979) and is given

by

po=-s () =~ @n
pNIxX /) pr X P

where Ap is the density change across the ICB due to the presence
of a light element in the outer core.
The integral foc py¥r dV is given by

87 pien G [(i 5 L_zrs —L2C2r> oL

.
3 20 8
C? #
+ =1 rrerf(r/L)] , (22)
2 R
where
312 R? 3R?
=" (1-—). 23
16 2 ( 10L2> (23)

The mass of the outer core M. can be obtained from (3) by
changing the limits of integration. Eqs (19)—(23) allow Q, to be
obtained; E, is simply Q,/T .

3.1.6 Entropy of heat of solution (Ey)

The quantity Oy = 0. The contribution £}, is given by 11-(40):
14 M oc d Ri

Ey=-R —=dV — Cc—, 24

w=—ra [ Lav -] 4)
where Ry, is the heat of reaction. The integral part of this equation can
be derived using the same approach as that for radioactive heating
(egs 11-15). Note that this expression assumes that core contraction
is negligible (see below).

3.1.7 Adiabatic contribution (Qy, Ex)

The entropy change due to thermal diffusion is given by I-(67):

2
Ey = /k(V—TT) dv, (25)

where £ is the core thermal conductivity.
From (5) we have VT /T = —2r/D?; using (25) it can therefore
be shown that

167 kR’
Ey = =Dt (26)
O\ at the CMB is simply given by
Oy = 8T R*kT,/D*. 27

3.1.8 Other contributions

From the results of paper G2, the contribution of molecular diffusion
and pressure changes are small compared to other terms and are
ignored here. The rate of change of the core temperature is governed
by
DT, 9T,
Dt ot
where u is the core contraction velocity. Paper G1 showed that core
contraction is negligible at the present day, in which case DT’/ Dt =
dT./dt.

+uvT, (28)

3.2 Thermal evolution calculations

In carrying out thermal evolution calculations it is important to
distinguish between potential and real temperatures. Hereafter the
former will be denoted 7" and the latter T, with a subscript if appli-
cable. The mantle potential temperature is simply the temperature
obtained if the real temperature is projected along an adiabat to the
surface:

Tr; = Tn(2) exp(—omgz/ Cym), (29)

where z is the depth and g, o, and Cpy, are the acceleration due to
gravity, thermal expansivity and specific heat capacity, all assumed
constant through the mantle.
The thermal evolution of the core may be described by an equation
similar to eq. (4a) of Schubert ef al. (1988):
o - ~ .\ dT,
Or — Oc = (QL+Qg+Qs)d_tc
where Oy, O, Or and Qs are defined above. O, = Qg dT./dt,and
similarly for other quantities. The quantity Q¢ is the heat extracted
from the core by the mantle and is given by

(30)

Oc =4nR*F, (31)

where F, is the heat flux across the core—mantle boundary.

In a similar fashion, the thermal evolution of the mantle is given
by
dT,
dt’
where Qy is the heat extracted from the mantle, H,, is the internal
heat generation within the mantle, M, and Cy, are the mantle mass
and specific heat capacity, respectively, and 7', is the temperature
half-way through the mantle. The half-way point is used to represent
the mean mantle temperature, but the results are insensitive to the

depth chosen. The equation for Q) is analogous to (31) and is given
by

Ou =47 R} F,, (33)

HmMm - QM + QC = Mmcpm (32)

where F'; is the heat flux across the lithosphere and R, is the planetary
radius.

To determine the thickness of the top and bottom thermal bound-
ary layers of the mantle, we use a local Rayleigh number approach
(e.g. Howard 1964; Solomatov 1995). The top thermal boundary
layer thickness 8 is then given by (e.g. Nimmo & Stevenson 2000)

[ Ragkcny(Ty,) ]1/3
pmgam(an - Ts) ’
where Ra, is the critical Rayleigh number, «(, o, and o}, the mantle
thermal diffusivity, density and thermal expansivity, respectively,
g is the surface acceleration and 7' the surface temperature. The
viscosity at the mantle potential temperature 1.(77,) is given by

n(Ty,) = noexp[—¢ (T, — To)], (35)

where 1 is the viscosity at a reference temperature 7'y and ¢ is a
quantity related to the activation energy (Solomatov 1995).
The heat flux F is then given by

5 = (34)

Fo=k(T,, — T)/8:, (36)

where £ is the thermal conductivity at the top of the mantle and the
potential temperature 77 is assumed to be a good approximation of
the mantle temperature immediately beneath the top thermal bound-
ary layer. Ty, T, and T, may all be related through eq. (29). It will
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be shown below that this approach gives a reasonable description of
plate tectonic heat fluxes at the present day.

Based on the experiments of Manga et al. (2001), we will assume
that the heat flux across the bottom boundary is controlled by the
formation of local instabilities (thermals) and is not greatly affected
by descending slabs. In this case, expressions analogous to eqs (34)—
(36) exist for the bottom thermal boundary layer 8}, and heat flux
F b

Rackyny(T) 17
Sp=|——+— , 37
° |:pmgam(Tc - Tm)] ( )
Fy = ko(Te — Tin)/ b, (38)
Mo(Ta) = fmoexp[—¢ (T, — T)]. (39)

Here k', and ky, are the thermal diffusivity and conductivity at the
base of the mantle, 7', is the mean of 7. and T, (e.g. Manga et al.
2001), T’y is areference temperature appropriate for the deep mantle
and " is a constant which allows the deep mantle to have a higher
viscosity than the shallow mantle, as is observed to be the case on
the Earth.

The advantage of'eqs (35) and (39) is that by choosing appropriate
values for f, ng, T and 7', a realistic present-day mantle viscosity
structure can be obtained (see Section 4 below). A similar approach
is employed by Buffett (2002) and Yukutake (2000). Parametrized
schemes such as the one adopted here accurately reproduce mean
mantle temperatures calculated by numerical thermal evolution sim-
ulations for simple convection cases (e.g. Butler & Peltier 2000).
However, it is not yet clear whether these parametrizations are ap-
propriate to the case of plate tectonics, or how chemical layering
(such as D”) will affect the results. We discuss this issue at some
length in Section 6.2.3.

Given a set of initial conditions, the sources of energy can be cal-
culated using Section 3.1, the rates of transfer of energy by eqs (31),
(33)—(39), and the resulting temperature changes by eqs (32) and
(30). Egs (32) and (30) are integrated forwards in time using a con-
stant timestep of 4 Myr; reducing the timestep to 1 Myr changes the
results by one part in 10°. The corresponding entropy production is
calculated using eqs (10)—(27), assuming that all the material pa-
rameters are constant through time. Although in reality the density
structure may change with time, for example due to the cooling of
the core, such effects are likely to be small: for instance, a 1000 K
change in core temperature will lead to a change in density of about
100 kg m~3, small compared with the density change across the core
as a whole.

3.3 Temperature and solidification of core

The method followed here is essentially identical to that in Schubert
et al. (1988). The melting curve of the core material as a function

Core and geodynamo evolution — 367

of pressure p is given by
Tma = mO(1 - 9)(1 + Tmlp + Tm2p2)a (40)

where 6 is a constant determined by the concentration of non-iron
contaminants in the core, and their effect on the melting temperature.
The constants 79, I'm1 and 7'y are determined by specifying 7 o,
T ma at one pressure and the gradient dT ,,,/dp at another (see Section
4 below). The pressure at any depth is obtained using eq. (7). The
constant 0 is obtained by comparing the results for pure iron with
those of iron alloyed with light elements such as sulphur, silicon and
oxygen (see Section 4).

Following Schubert et al. (1988), the adiabatic temperature is
given as a function of pressure by

1+ Ta1p+ TaZp2 i|

(41)
1 + Talpc + Tang

I(p)=T: [
where T',; and T,, are determined by fitting eq. (5) and relating
depth to pressure via eq. (7). Eqs (40) and (41) may thus be used
to determine the radius of the inner core for any 7. (see Schubert
et al. 1988). The pressure at the centre of the Earth, py,, is used to
check whether the core is entirely liquid.

Some of the light elements within the core are excluded from
the inner core as it freezes. Schubert e al. (1988) assumed that this
exclusion is complete. Here a more general case is implemented by
specifying the partition coefficient A of the light element, where
A is the ratio of the solid to liquid concentrations. For an initial
concentration of y o, the concentratio the outer core at subsequent
times x is given by
_ Xo
T (—8)t A
where & = R;/R and the density variation within the core is here

ignored. Because in general £3 < 1, the results are insensitive to
variations in A.

X (42)

4 PARAMETERS

Table 1 gives the parameters used in Section 3.1 to determine the
energy and entropy production in the core. The values of Ko, po
and p.e, are adopted so that the outer core density profile (eq. 1)
agrees with the observations of PREM, and the value of p, agrees
with the data of Anderson & Ahrens (1994).

The melting temperature for pure iron at ICB pressures (330 GPa)
156300 £ 300 K, including a free-energy correction, and the gradient
at350 GPais 9 K GPa~! (Alfe e al. 2002a). Assuming that for h.c.p.
iron T 0 = 1695 K, these data allow T',,; and T, to be determined
using eqs (7) and (40). A temperature uncertainty of 300 K results
in a range for T,y 0£9.9 to 12.0 x 1072 Pa~! and for T, of —6.5
to —9.5 x 1072* Pa=2. The ranges due to a gradient uncertainty of
+1 K GPa™! are similar.

Table 1. Values of quantities assumed for core calculations (Section 3.1).

symbol value units eq.
Pcen 12 500 kg m3 1
R 3480 km 3
L 7272 km 2
Te 4100 + 300 K 10
o 1.3540.15 1073 K! 6
Ly 750 kI kg™! 17
k 50 + 20 Wm~!K™! 25

symbol value units eq.
00 7019 kgm™3 2
R; 1220 km 4
D 5969 km 6
T 5500 = 300 K 17
Cp 840 Jkg ' K! 6
Be 1.1£0.1 — 21
Ry -27.7 MJkg~! 24

Uncertainties quoted are discussed in the text; values are taken from Papers G1 and G2 unless stated in text. ‘eq.’

denotes equation number.
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The density and temperature structure of the core is affected by
the presence of one or more light elements. According to Alfe et al.
(2002b), the density of the inner core can be explained the presence
of about 8 molar per cent of S and/or Si, which reduces the tem-
perature at the ICB by 700 4+ 100 K. This temperature reduction
implies = 0.11 £ 0.015 (eq. 40). Although 6 is dependent on the
concentration of contaminants, neither S nor Si are preferentially
expelled during freezing (Alfe et al. 2002b), so 0 is assumed to stay
constant.

In addition to S and Si, the outer core contains oxygen, expelled as
the inner core freezes, which further reduces the density of the outer
core. It is the expulsion of oxygen from the inner core that provides
the buoyancy to drive compositional convection. The amount of
oxygen in the outer core may be inferred from the density drop
across the ICB. Alfe et al. (2002b) used the density contrast from
Shearer & Masters (1990) of 580 kg m~> and inferred about 2.5 wt
per cent O in the outer core. However, more recent normal-mode
studies resulted in a higher density contrast of 820 £ 180 kg m~>
(Masters & Gubbins 2003). The higher value results in a range
of O concentrations of 2.5-5.7 wt per cent. Here we assume an
initial concentration y o of 4.2 wt per cent, and explore the effects of
varying this amount below. The compositional expansion coefficient
B (eq. 21) obtained by Alfe et al. (2002b) differs by 10 per cent
from that obtained by Roberts ef al. (2003).

Based on the shock experiments of Matassov (1977), Stacey &
Anderson (2001) concluded that the thermal conductivity of the core
at the CMB was 46 W m~!' K~!, increasing to 63 W m~! K~ at
the ICB. More recent shock experiments (Bi ef al. 2002) suggest an
electrical resistivity 50 per cent higher than that of Matassov (1977).
Thus, the core thermal conductivity could be closer to 30 W m™!
K~! at the CMB.

The thermal expansivity within the core varies by a factor of 2
(G1). However, adopting fixed values of o and Cj,. 0of 1.35 x 1073
K~! and 840 J kg~! K~!, respectively, results in a similar adiabatic
profile to those in G1. Varying the temperature at the ICB by = 300
K gives arange in T,y and T, of 3.1t03.9 x 1072 Pa~! and —1.2
to —2.4 x 107%* Pa~2, respectively. The value of Ry for the light
element in the outer core is that quoted for oxygen in Paper G2;
other core parameters are generally those used in papers G1 and
G2.

Fig. 1 shows the resulting core temperature profile for the nominal
parameters. The dashed line shows the solidus, including the effect
of the light elements, using eq. (40). The solid line is the adiabat
from eq. (5), and the dotted line that from eq. (41). The two are
identical within the likely error. The adiabatic gradient from eq. (5)
is 7.5 K GPa~! (= 0.38 K km™') at the ICB, in agreement with
recent calculations (paper G1). The relative slopes of the adiabat
and the solidus determine the rate of inner core growth.

Table 2 gives the parameters used in Sections 3.2 and 3.3. The
projection of the mantle temperature of 1880 K at 670 km implies
a CMB temperature of 2700 £ 200 K (Boehler 2000). Since the
mantle potential temperature is about 1600 K (McKenzie & Bickle
1988; Stein & Stein 1992), the mean mantle thermal expansivity is
1.9-2.5 x 1073 K~!. We adopt here an intermediate value of 2.2 x
107> K~ and discuss the effects of uncertainties below. The initial
conditions are that 7', = T ,, = 4800 K, which ensures that the core
begins completely molten and that the mantle is close to its solidus
(Stevenson 1990). It will be shown below that 1000 K variations in
the initial conditions have negligible effects on the results.

Typical activation energies for mantle materials are 250-350 kJ
mol~! (Karato & Wu 1993; Yamazaki et al. 2000); for a mantle
temperature of 1600-2500 K these energies imply values of ¢ in the
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Figure 1. Present-day core thermal profile, using the nominal parameters
of Tables 1 and 2. The dashed line is the solidus calculated from eq. (40),
taking into account light elements. The solid line is the adiabat calculated
from eq. (5), and used in entropy and energy calculations. The dotted line is
the adiabat calculated from eq. (41), used in locating the inner core. ‘ICB’
is the inner core boundary, and ‘CMB’ is the core-mantle boundary. The
temperature at the ICB is 5607 K; at the CMB the solidus temperature is
3562 K and the adiabat is 4161 K.

range 0.005-0.016 (Solomatov 1995), so a value of 0.01 is adopted
here. The values of k  and k', are based on Hofmeister’s (1999) calcu-
lations of the increase in conductivity with depth within the mantle;
Manga & Jeanloz (1997) find similar or slightly higher values. Ra.
is generally assumed to be 600 (Nimmo & Stevenson 2000). The
parameters 7,1, T, Ty and Ty, are obtained as described above.
The heat generation rate within the mantle H ,, is obtained from the
radiogenic abundances of Sun & McDonough (1989).

The present-day viscosity of the mantle ranges from about 3—10
x 10%° Pa s in the upper mantle to 3-10 x 10°! Pa s in the lower
mantle (e.g. Mitrovica & Forte 1997; Peltier & Jiang 1996). The
behaviour of the bottom thermal boundary layer is determined by
its mean temperature (Manga et al. 2001), which from the arguments
above is about 3400 K. We adopt this value for 7'y and 1573 K for T'y.
The nominal viscosity parameters adopted are shown in Table 2, but
both the upper and lower mantle viscosities are varied, with effects
which will be discussed below.

5 RESULTS

The first part of this section compares the results of the analytical ex-
pressions above for present-day entropy production and power with
the numerical results of papers G1 and G2. Having established that
the analytical results do give a reasonable agreement, they are then
used to explore various thermal evolution scenarios for the Earth,
and to investigate their implications for geodynamo generation.

5.1 Comparisons with G1 and G2

Table 3 compares the results obtained in papers G1 and G2 by nu-
merical integration with those obtained using the analytical methods
outlined above. The pressure term (contributing <0.2 per cent of the
total entropy budget) has been neglected. With the exception of Ey
(the smallest term), all terms agree to within 20 per cent or better,
and the total heat and entropy production terms to within 10 per
cent or better. Given the likely uncertainties in other parameters, we
conclude that the analytical results reproduce the numerical ones
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Table 2. Nominal values of quantities assumed for thermal evolution calculations (Sections 3.2, 3.3).

symbol value units eq. symbol value units eq.
X0 4.2J_r%:; wt. per cent 42 A 0.5 — 42
R, 6400 km 33 Pm 4800 kg m™3 34
To 1573 K 35 T, 3400 K 39
Is 1.0+£0.5 1072 K! 35 no 1.0 102! Pa's 35
g 9.8 ms—2 34 f 10 — 39
O 22403 1075 K~! 34 Cpm 1200 Jkg™ ' K! 32
Kt 6.0 1077 m? 7! 34 Kb 10+2 1077 m? s ! 37
Pe 139 GPa 7 Pm 360 GPa 41
Tmo 1695 K 40 T 109+ 1.1 10~ 12pa~! 40
T —80+1.5 10~24 pa—2 40 Tal 35404 10712 pa—! 41
T —-18+0.6 10-24 pa—2 41 T 293 K 34
0 0.11 £0.015 — 40 Ra, 600 — 34
Hp 53 pW kg™! 32

H , is the present-day value. The results of these nominal values are shown in Fig. 2.

Table 3. Comparison between Gubbins values and values obtained here.

Gubbins this work Gubbins this work
units ™ ™ MW K1 MW K~!
Qs 6.44 7.49 Es 216 247
oL 6.56 6.52 Ey 396 410
[0 2.40 2.30 E, 580 562
On — — Ey —144 —199
total 154 16.3 total 1048 1020
Or 31.4 30.8 Er 1000 966
(o0 8.60 7.31 Ex 260 242

Q is power and E is entropy production. The Gubbins values are from
numerical integrations (see G1, G2) and include a small contribution from
pressure. *Here k is assumed to be 60 W m~! K~ to allow comparison
with paper G2; elsewhere in this paper it is 50 W m~! K~! (see Table 1).
C; was —9.56 km K~! (see eq. 20) and the density contrast across the core
was 590kg m—>. The radioactive heating rate / used was 16 pW kg™, the
core cooling rate was 126 K Gyr—!, and T’; was 5500 K; other parameters
are from table 4 in G2 and Table 1 in this paper.

sufficiently well, and we are thus justified in using the former to
calculate entropy production and power over the core’s lifetime.

5.2 Thermal evolution—nominal case

In order for a model to be judged successful, it must meet criteria
regarding (1) the entropy generation, (2) the present-day inner core
radius, and (3) the present-day mantle temperature, viscosity and
heat flux.

The entropy available to drive the geodynamo, AE is given by

AE = Ex + Eq+ E| + Ey + E, — Ey, (43)

where E, Er, Ey and E, depend on dT ./dt, Ex depends on H, and
Ey depends on the adiabat at the CMB. Although the effects of the
geodynamo (i.e. the magnetic field) can be measured at the surface,
the excess entropy production rate required to power it is unclear, for
two reasons (Roberts et al., 2003). First, the measured magnetic field
at the surface does not include the toroidal component, which may
greatly exceed the poloidal component. Secondly, small lengthscale
fluctuations in magnetic field and velocity may dominate Ohmic
heating within the core, but are not observable at the surface. Based
on numerical simulations, the excess entropy required is probably
~ 100 MW K~!, but could lie anywhere within the range 0.1-1000
MW K~! (G1, Roberts ef al., 2003; Christensen ef al. 1999; Kuang
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& Bloxham 1997). For the purposes of this work, any positive AE
is assumed sufficient to drive the geodynamo, an assumption which
is discussed further below. Three entropy criteria will be taken: first,
AF at the present day must be positive; secondly, the mean of the
entropy production over the last 3.1 Gyr (AE) must also be posi-
tive; and finally, the minimum value of entropy production, AE i,
must be positive over the same period. The latter two criteria are a
crude way of reproducing the approximately continuous geomag-
netic record over that time interval (McElhinny & Senanayake 1980;
Kroner & Layer 1992).

The other criteria are as follows. As discussed above, the current
viscosities of the upper and lower mantle are likely to lie within the
ranges 3-10 x 10% Pa s and 3-10 x 10! Pa s, respectively, and
the present-day mantle potential temperature is 1330°C (McKenzie
& Bickle 1988; Stein & Stein 1992). The present-day heat flux is
approximately 42 TW (Sclater et al., 1980) and the dimensionless
inner core radius at the present day is 0.35 (Dziewonski & Anderson
1981).

Fig. 2 shows the result of one thermal evolution calculation in-
corporating 400 ppm K in the core and using the nominal values
of Tables 1 and 2. It results in a positive value of AE and AE, and
a realistic present-day core and mantle structure. The results are
tabulated in Table 4.

As expected, both the temperatures (Fig. 2a) and the heat fluxes
(Fig. 2b) decline with time because of the decay of radioactive ele-
ments within the core and mantle. The present-day mantle potential
temperature 77, is 1340° C, similar to the estimate of Stein & Stein
(1992). Because of the way in which the model viscosity is chosen
to depend on the temperature (eqs 32 and 36), a correct present-day
temperature guarantees a realistic viscosity structure (see Table 4).
The reduction in mantle temperature over the last 2.8 Gyr is 174
K, which is compatible with the petrological estimates of Abbott
et al. (1994). The initial mantle temperature adjusts to its steady-
state value within about 500 Ma because the mantle time constant
is short at these high temperatures. The kink in the inner core tem-
perature 7'; at 3500 Ma is due to the initiation of core solidification;
the present-day value of 7'; is 5581 K, which agrees with the likely
terrestrial value, as does the size of the inner core. The present-day
surface heat flux (Fig. 2b) is about 42 TW, similar to the likely value.
The thickness of the bottom boundary layer is 140 km, similar to
estimates of D” thickness. The total current heat flux from the core is
9 TW, which lies just within the 4.5-9 TW range recently proposed
by Anderson (2002) and is similar to the heat fluxes deduced by
Buffett (2002) and Yukutake (2000), but exceeds earlier estimates
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Figure 2. Thermal evolution and resulting entropy generation as a function
of time. (a) Evolution of potential and real temperatures for the mantle (77,,
Tm) and core (T, T¢) with time. T is the temperature of the inner core
boundary; prior to solidification, it represents the temperature at the centre
of the planet. All parameters adopt the values given in Tables 1 and 2, except
the core heat generation rate, which is that due to 400 ppm potassium. The
starting temperature of both mantle and core was 4800 K. (b) Evolution of
heat fluxes (in TW) from the core (Q¢) and mantle (Qy,) with time. The heat
generated by radioactive decay in the mantle is given by H M, (see eq. 32).
(c) Solid and long-dashed lines give entropy contributions £ + Ey + Eg +
Ew + Er and Ey, respectively, as a function of time. The available entropy
(AE) is given by the difference between the two curves. The short-dashed
line gives the dimensionless inner core radius £ with time.

of around 2-3 TW (Sleep 1990; Stacey & Loper 1984). This total
heat flux exceeds that carried by the adiabat, 6.2 TW, so that the
outer core is likely to be convecting.

The entropy production (Fig. 2¢) is high [0(1000 MW K~1)]
early on, but declines steeply due to the rapid decay of potassium
within the core and the reduction in the core cooling rate. These
results strongly imply that an early geodynamo can be driven by
purely thermal convection, without an inner core. Similar results
were obtained by Mollett (1984) and Buffett ef al. (1996). Just prior

to core solidification, AE reaches its minimum value of 134 MW
K~!. When the core begins to solidify, the available entropy increases
again, because of the contributions from latent heat and gravity.

A model (not shown) identical to Fig. 2 but with no potassium in
the core results in a core with a radius 80 per cent too large and a
reduction in present-day core entropy production of 45 per cent. The
role of potassium is therefore important in determining the history
of the geodynamo and the inner core.

5.3 Varying the core cooling rate

Both the rate of inner core growth and the production of entropy
are governed by the rate at which the core cools. A core that cools
slowly will give rise to an inner core that is small at the present day;
the slow cooling will mean a low rate of entropy production. The
importance of potassium in the core is that it provides an extra source
of entropy to power the dynamo, while at the same time retarding
inner core growth. Fig. 2 shows that a model with 400 ppm potassium
in the core can satisfy all available observational constraints. In
this section, we show that it is hard to construct a model in which
the observational constraints can be satisfied without having some
potassium in the core. In the absence of potassium, it is difficult to
satisfy the requirements of inner core size and entropy production
simultaneously.

Fig. 3 shows the effect of different core cooling rates (controlled
by the reference mantle viscosity) on the present-day available en-
tropy production and inner core radius. Increasing the mantle refer-
ence viscosity reduces the core cooling rate, and thus the core size.
The rate of entropy production depends on both the core size and
the rate at which it is cooling. For mostly solid cores (§ > 0.75)
a reduction in cooling rate actually leads to an increase in entropy
production, because of the concomitant increase in outer core vol-
ume. At smaller inner core sizes, however, a reduction in cooling
rate decreases the rate of entropy production, because most entropy
terms depend on d7T./dt. Figs 3(a) and (b) show the relationship
between core size and entropy production when there is no potas-
sium in the core. Obtaining an inner core of the correct size requires
unrealistically large mantle viscosities (Fig. 3b). In these cases, the
present-day entropy production is small (<100 MW K~'; Fig. 3a)
and AE i, 1s negative (unfilled symbols), suggesting a cessation of
dynamo activity in the past. Thus, for the nominal parameters, it
is not possible to satisfy simultaneously the inner core radius and
geodynamo requirements in the absence of potassium.

Figs 3(c) and (d) show the result for a core containing 400 ppm
potassium. The radioactive decay in the core reduces the core cool-
ing rate, which reduces &. The corresponding reduction in entropy
production, however, is offset by the radioactive decay itself, which
provides an additional entropy source (Eg, eq. 16). Thus, for a given
inner core radius, a potassium-rich core has more entropy available
to drive the geodynamo. Figs 3(c) and (d) show that, for reasonable
upper-mantle reference viscosities, the correct inner core radius can
be produced at the same time as several hundred MW K~! of entropy
production with 400 ppm potassium in the core.

Fig. 4 shows the trade-off between inner core size and entropy
production explicitly. The results of models using different viscos-
ity structures are plotted and show that there is an almost linear
relationship between AE and & for & < 0.75, irrespective of the
particular viscosity structure adopted. High AE requires large &,
and vice versa; this is the same trade-off as identified in G2. For
the zero potassium case, producing an inner core of the correct
size requires a mean AE of <100 MW K~! and a negative rate
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Figure 3. Variation in present-day entropy generation AE and inner core radius & with viscosity structure. The horizontal axis is the log of the reference
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Figure 4. Variation in mean entropy production A £ with dimensionless inner core radius for various viscosity combinations and various potassium concen-
trations. Solid symbols have positive AEnin; open symbols have negative AE . The vertical line indicates the present-day inner core radius. The effect of
adding potassium is to increase the entropy production for the same inner core size.

of entropy production at earlier times. The effect of adding potas-
sium to the core is to increase the mean entropy production for
any inner core size. Adding 400 ppm potassium allows the in-
ner core size to be satisfied with a mean entropy production of
200-300 MW K1,

The present-day inner core radius and the age of the inner core
are obviously linked. For the range of mantle parameters shown in
Fig. 4, we found that it was impossible to obtain an inner core older
than 1.5 Gyr whilst simultaneously producing a correct present-
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day inner core radius. Similar conclusions have been reached by
previous authors (Yukutake 2000; G2; Labrosse et al. 2001; Buffett
et al. 1996).

6 DISCUSSION

The main results above may be summarized as follows. First, the
analytical expressions of Section 3 give a reasonable agreement with
the numerical results of papers G1 and G2. Secondly, our model can
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Table 4. Results of nominal thermal evolution calculation.

var. value units var. value units
Te 4155 K T; 5581 K
Tim 1613 K Om 41.8 TW
Oc 9.0 ™ HoM 23.4 ™W
IC age 1.10 Gyr & 0.36 —

X 4.30 wt. per cent H 1.5 pW kg~!
0t 6.7 1020Pa s b 6.7 102'Pa's
dR;/dt 444 km Gyr~! dT ./dt —33 K Gyr™!
Ok 6.2 ™ Or 29 ™
oL 2.6 ™ B 1.6

Os 2.0 ™

AE 351 MW K~! AE 299 MW K~!
E, 64 MW K~! Ey 159 MW K~!
E, 375 MW K~! Ex 202 MW K-!
Ey —134 MW K~! Er 89 MW K~!

All values are for present day unless otherwise noted. Parameter values are
from Tables 1 and 2. The core contains 400 ppm potassium. Results are
shown in Fig. 2. IC is inner core; ‘var.’ is variable. 1 and 5y, are the
viscosities at the top and bottom of the mantle, respectively.

only match both the entropy production and the inner core radius
simultaneously if the core contains &~ 400 ppm potassium (Fig. 4).
The conclusion that potassium is required to make the models work
is important, because it provides an additional argument for the
presence of potassium in the core. We therefore devote the first part
of this section to investigating the uncertainties in this conclusion,
and to possible scenarios that do not require potassium in the core.
We then compare the results of this investigation with those of other
authors, to point out similarities and differences. Finally, we make
suggestions for future work.

6.1 Uncertainties

As with any analysis involving large numbers of parameters, it is
important to try to quantify the sensitivity of the results to the uncer-
tainties in those parameters. Table 5 lists the amount by which each
parameter in turn has to be varied in order to satisfy the present-day
inner core radius without requiring any potassium in the core. While
this is not an exhaustive test (e.g. it does not vary all parameters si-
multaneously), it does allow us to identify which parameters are the
most important (see Section 6.2).

The rate of inner core growth is controlled by the slope of the
solidus and adiabat. One would therefore expect that variables that
change the solidus (e.g. T,) or adiabat (e.g. «.) would have a

Table 5. Uncertainty analysis

significant effect on the results, and Table 5 shows that this is indeed
the case. The value of 7', required to fit the observations with no
potassium corresponds to a reduction in 7. of 400 K and lies just
outside the estimated bounds on 7',;. Furthermore, the resulting
value of AE ., is negative, which suggests that this model is not
appropriate. We return to this issue below.

The value of «, (and the corresponding values of 7', and T',;)
required to generate a correct inner core size in the absence of potas-
sium does not fall within the likely uncertainty range. Similarly, the
likely uncertainties in ¢ ,,, 6, and k', (see Table 2) are all smaller than
the values required from Table 5. All these parameters also produce
negative values of AE .

Another way of reducing the core growth rate is to reduce the
heat flux out of the core. Table 5 shows that a reduction in ¢ or
an increase in 7o or f might be able to produce an inner core of
the correct size without a requirement for potassium. However, the
required values of /" or 1, result in lower mantle viscosities in the
range 2-6 x 10?2 Pa s, which is probably too large. Furthermore,
in both cases AE ., is negative, due to the trade-off between core
growth rate and entropy production shown in Fig. 4. Reducing the
value of ¢ means that the core and mantle heat flux are less sensitive
to variations in temperature, and provides a possible mechanism for
matching the observations without requiring potassium in the core.
We discuss this issue further below.

Reducing the core thermal conductivity or increasing the expan-
sion coefficient 8. or oxygen concentration x increases the avail-
able entropy production, but has no effect on the rate of inner core
growth. The effect is therefore to move points in Fig. 4 vertically
upwards. Table 5 shows that a larger mantle reference viscosity can
produce an inner core of the correct size, but that AE ;, is neg-
ative. For this higher reference viscosity, increasing . by 50 per
cent still results in negative AE,, and is a much larger change
than the estimated error. Increasing x ¢ to 5.7 wt per cent increases
the present-day entropy production by 25 per cent but has no effect
on AE . Reducing the conductivity to 20 W m~! K~! results in
positive entropy production throughout (because E is reduced) and
is discussed further below.

Other parameters are unlikely to affect the overall conclusions.
For instance, the potassium-free model results are rather insensitive
to the starting conditions. Increasing the initial temperature (7, =
T.) by 1000 K results in changes of less than 8 per cent in AE and
3 per cent in &, the dimensionless core radius. The lack of sensitivity
is due to the short mantle time constant at high temperatures (see
Fig. 2). Reducing 7', and 7. makes the problem of inner core growth
worse and requires correspondingly higher core potassium values
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variable value units per cent change est. error ( per cent) AEmin (MW K1)
TH 9.6 10712 pa~! -12 +10 —20
ok 1.63 1073 K™! +21 +10 -73
0 0.17 — +55 +14 —-36
om 12 105 K! —45 +15 —27
Kb 3.0 1077 m? s~! —70 +20 —50
s 0.40 1072 K! —60 +50 54
— + see text —

i 100 900 43
Ra. 10000 — +1560 +100 —37
no 20 102! Pas +1900 +1000 —47

Values of parameters required in order to have correct present-day inner core radius with zero potassium in core.
The nominal values of the parameters are given in Tables 1 and 2. T Ty and T (= —6.1 x 10724 Pa’z) are
varied together to preserve temperature gradient at ICB (see eq. 40). *This value of a, gives Ty = 5.8 x 10712
Pa—land Ty = —4.4 x 10724 Pa—2 (see text). ‘est.” is short for ‘estimate’. The final column is the minimum
entropy production rate during the model.
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Table 6. Alternative scenarios which do not require potassium in the core.

reduced
conductivity?

nominal exponential Boehler

model® heat flux'  core params.?

quantity  units

AE MWK-! 299 130 175 181
AE MW K-! 351 275 254 230
AEmn MWK 134 28 44 74
IC age Myr 1100 860 1410 1400
Oc ™ 21.5 9.1 16.6 9.2
oc W 9.7 6.7 4.7 4.4

Oc is the time-averaged core heat flux; @/ is the time-averaged core heat
flux since inner core formation. “Uses 400 ppm K in core. ! Uses eq. (44) to
calculate F'y, with 7 = 6500 Myr and Fo = 12.6 TW. 2Uses e = 8.7 x
100K, T =75x 1072 Pa!, Tp = =55 x 1072 Pa2, Ty =
1.6 x 10712 Pa~!, T\p = —4.6 x 1072 Pa~2, g = 3 x 10'° Pas3Uses
k=20Wm™' K1, 59 =2 x 10%? Pas.

to fit the present-day observations. Similarly, changing Ly, or C, by
20 per cent results in a change in & of <5 per cent.

6.2 Alternative scenarios

Based on the results of Table 5, there are three possibilities that
would allow the observations to be satisfied without requiring potas-
sium in the core. We discuss these possibilities below, and summa-
rize the results in Table 6.

6.2.1 Reduced thermal conductivity

Reducing the conductivity to 20 W m~! K~! results in an acceptable
model, but at the expense of mantle viscosities, which are higher
than the likely values (see Table 6). Furthermore, the required con-
ductivity value is lower than current estimates of the likely range
(see Section 4). We therefore consider this scenario unlikely.

6.2.2 Different core properties

It is possible that the adiabat and solidus of the core are better
represented by the experimental results of Boehler (2000) than by
the ab initio studies used above. The principal differences between
the experiments and the numerical simulations are that the former
give a solidus that has a lower temperature and a shallower slope, and
the effect of the alloying element on melting is much reduced. The
mean thermal expansivity implied by the results of Boehler (2000)
is about half the nominal value used in this paper.

Using the parameters given in the footnote in Table 6, and keeping
all other parameters at their nominal values, we find that a reasonable
fit to the observations can be obtained without requiring potassium
in the core. The principal difference from the nominal model is that
more heat needs to be extracted from the core before solidification
can begin; consequently, the mantle reference viscosity has to be
significantly reduced. Although the positive contributions to entropy
are reduced, the conductive contribution Ey is also reduced because
of the lower slope of the adiabat, with the result that the net entropy
production remains positive.

6.2.3 Different heat flux parametrization

An alternative is that our parametrization of the core heat flux,
eq. (38), does not capture the physics of the CMB region. We ac-
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cordingly examined the effects of a different parametrization, in
which the core heat flux simply declines exponentially, irrespective
of conditions in the mantle:

Fy, = Fyexp(—t/7), (44)

where ¢ is time, T is an adjustable parameter, and /'y was chosen so
that the present-day core heat flux is 6.2 TW, equal to the adiabatic
contribution Q. Table 6 shows the results when T = 6500 Myr, and
demonstrates than an acceptable model can be obtained without re-
quiring potassium. The principal difference from the nominal model
is that the time-averaged heat flux out of the core is lower—the core
heat flux at # = 0 is only a factor of 2 higher than that at the present
day.

Whether this scenario is likely is as yet unclear. Our original
parametrization (eq. 38) effectively assumes that descending sub-
ducted slabs have little effect on the heat transfer across the base
of the mantle. Laboratory results (Schaeffer & Manga 2001) show
that the frequency of rising plumes due to instabilities in the bottom
boundary layer is a factor of 2-3 higher, and of similar temperature
amplitude, to the rising plumes caused by descending cold plumes.
Thus, in these experiments the principal cause of the heat flux across
the bottom boundary layer is a local instability, similar to the model
we adopt. Similarly, Labrosse (2002) suggests that the bottom heat
flux scales as Ra'/*AT, where AT is the temperature drop across
the bottom boundary layer and Ra is the Rayleigh number. While
the exponents in this scaling are slightly different from those in eq.
(38), the basic result (that the heat flux across the CMB will de-
crease markedly as the mantle cools) remains the same. Even if it
is the descending slabs that dominate the heat flux across the CMB,
scaling arguments suggest that their thickness will vary as Ra~'/3
(eq. 34). Requiring the CMB heat flux to vary by less than a factor
of 2 thus places a stringent constraint on the variation of the mantle
Rayleigh number over 4.5 Gyr. Given that the upper mantle poten-
tial temperature has apparently reduced by 137-187 K over the last
2.8 Gyr (Abbott ez al. 1994), such a constraint seems unlikely to be
satisfied.

6.3 Comparisons with other work

Table 4 shows that the entropy contributions are dominated by those
from gravity (£) and latent heat release (£ ), the former being about
twice as large. Conversely, latent heat release (Q1.) and cooling (Qy)
dominate the power contribution, while gravity (Q,) accounts for
less. Thus, as expected, the gravitational contribution to geodynamo
generation is much more efficient than the thermal contribution (G2;
Gubbins ef al. 1979; Buffett et al. 1996; Stevenson et al. 1983).

In the absence of potassium, both entropy production and inner
core growth rate have a nearly linear dependence on the core cooling
rate d7./dt (G1; G2), so the ratio of the two quantities is almost
independent of dT./dt (Fig. 4). This independence explains why it
is difficult to obtain a small inner core and an active geodynamo
simultaneously, and has been noted by other authors (G2; Buffett
2002, Roberts et al., 2003). The approach of Roberts et al. (2003)
is similar to that in this paper, although their choice of parameters
alters the relative importance of the gravitational and latent heat
terms, and they assume a core cooling rate rather than calculating
one. Like us, they conclude that the presence of core potassium
allows the constraints of a small (young) inner core and an ancient
magnetic field to be satisfied simultaneously.

A long-standing problem in Earth history is that the planet ap-
pears to be losing heat at about twice the rate at which heat is being
produced; that is, it has a Urey ratio of ~ 0.5 (McKenzie & Richter
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1981). Such a low ratio is not expected for a conventional single-
layered mantle, and implies ancient mantle temperatures higher than
those inferred from petrological observations (e.g. Abbott et al.
1994). The model shown in Fig. 2(a) is compatible with these ob-
servations, however, because the core heat contribution reduces the
mantle cooling rate. The effect of core potassium on mantle cooling
rates was previously noted by Breuer & Spohn (1993).

For core heat fluxes similar to that in Table 4, Labrosse et al.
(2001) required 120 ppm potassium (with U and Th in chondritic
ratios) to obtain an inner core age of 2.7 Gyr. Mollett (1984) obtained
an inner core age of about 1.7 Gyr with a present-day core radiogenic
heat flux of 2 TW, equivalent to 50 ppm potassium (with chondritic U
and Th). Buffett (2002) obtained an inner core age of 1.8 Gyr with 1.4
TW of radiogenic heating. Using the Fig. 2 model but with 120 ppm
core potassium and U and Th in chondritic proportions results in
the correct inner core radius, an age of 1.4 Gyr, AE = 264 MW
K~! and 4.9 TW of heat production in the core. Although, as noted
above, we can construct scenarios that do not require potassium in
the core, there appears to be general agreement that 2—5 TW of heat
production in the core makes it far easier to produce plausible core
thermal histories. Strictly speaking, this heat production could be
due to sources other than radioactivity. Tidal heating in the core is
insignificant at the moment, though it may have been higher earlier
on (Munk & MacDonald 1960); it is not clear what other energy
sources might be present.

6.4 Future work

The greatest uncertainty in this work arises from the parametrization
of the CMB heat flux adopted. As discussed above, it may be too
simple; future models will need to investigate the effects on the
CMB heat flux of chemical layering (Montague & Kellogg 2000;
Jellinek & Manga 2002), mantle phase transitions (McKenzie &
Richter 1981; Butler & Peltier 2000), and plate tectonics (Labrosse
2002).

A second source of uncertainty is in the correct parameters to use
for the core, in particular its solidus behaviour and thermal conduc-
tivity. While there is agreement between shock measurements and
ab initio simulations for the former, static experiments are still pro-
ducing different results. Regarding the latter, the difference between
the results of Matassov (1977) and Bi et al. (2002) is significant,
and it will be important to investigate this further.

A final source of uncertainty is the entropy production rate re-
quired to drive a geodynamo. The 2 TW Ohmic heating estimate
of Roberts et al. (2003) implies AE ~ 400 MW K~!, which would
severely limit the acceptable models and make the presence of potas-
sium in the core highly probable (see Fig. 4). A less extreme value
of 2100 MW K~! makes it easier for models lacking potassium
to drive a dynamo. It is obviously of great interest to place better
theoretical bounds on the entropy production required to generate
a geodynamo. It is also unclear what happens to the dynamo if
the outer part of the core becomes stably stratified, as G2 suggest.
Further numerical simulations of geodynamo activity (e.g. Kuang
& Bloxham 1997; Glatzmaier 2002; Kutzner & Christensen 2002)
may be helpful in resolving these questions.

7 SUMMARY

A self-consistent model has been developed in which the entropy
available to drive a geodynamo is calculated from the thermal evo-
lution of the core and mantle. There is a trade-off between entropy

production and present-day inner core size (Fig. 4). For our nomi-
nal model, sustaining a geodynamo and obtaining an inner core of
the correct size is only possible with &~ 400 ppm potassium in the
core. Experimental results have recently shown that such concen-
trations are possible. There are, however, at least three alternatives
to the requirement of potassium in the core. One is that the thermal
conductivity of the core is less than half of the generally accepted
value; this option also requires a mantle viscosity higher than the
likely values. The second possibility is that the behaviour of the
core solidus and adiabat are better described by the static experi-
ments of Boehler (2000) than the ab initio simulations of Alfe et al.
(2002a,b). A third possibility is that our description of the heat flux
across the CMB is too simple. An acceptable model can be ob-
tained using an alternative parametrization (eq. 44), but only if the
CMB heat flux has varied by less than a factor of 2 over 4.5 Gyr.
All our models require an inner core that is younger than about
1.5 Gyr BP; prior to that, the geodynamo was probably sustained
by a mixture of radioactive decay and cooling in an entirely liquid
core.

ACKNOWLEDGMENTS

FN is supported by the Royal Society and NSF-EAR 0309218. We
are grateful to Orson Anderson, Rama Murthy, Paul Roberts and
Jerry Schubert for helpful discussions, and to two anonymous re-
viewers for their comments.

REFERENCES

Abbott, D.L., Burgess, L., Longhi, J. & Smith, WH.F.,, 1994. An empirical
thermal history of the Earth’s upper mantle, J. geophys. Res., 99, 13 835—
13 850.

Abramowitz, A. & Stegun, 1.A., 1972. Handbook of Mathematical Func-
tions, National Bureau of Standards, Washington DC.

Alfe, D., Price, G.D. & Gillan, M.J., 2002a. Iron under Earth’s core condi-
tions: liquid-state thermodynamics and high-pressure melting curve from
ab initio calculations, Phys. Rev. B., 65, art. 045123.

Alfe, A., Gillan, M.J. & Price, G.D., 2002b. Composition and temperature
of the Earth’s core constrained by combining ab initio calculations and
seismic data, Earth planet. Sci. Lett., 195, 91-98.

Anderson, O.L., 2002. The power balance at the core—mantle boundary,
Phys. Earth planet. Inter, 131, 1-17.

Anderson, W.W. & Ahrens, T.J., 1994. An equation of state for liquid-
iron and implications for the Earth’s core, J. geophys. Res., 99, 4273—
4284.

Backus, G.E., 1975. Gross thermodynamics of heat engines in deep interior
of Earth, Proc. Nat. Acad. Sci. USA, 72, 1555-1558.

Bi, Y., Tan, H. & Jin, F,, 2002. Electrical conductivity of iron under shock
compression up to 200 GPa, J. Phys. condensed Matter, 14, 10 849—
10 854.

Boehler, R., 1993. Temperature in the Earth’s core from melting-point mea-
surements of iron at high static pressures, Nature, 363, 534-536.

Boehler, R., 2000. High pressure experiments and the phase diagram of
lower mantle and core materials, Rev. Geophys., 38, 221-245.

Braginsky, S.I., 1964. Magnetodhydrodynamics of the Earth’s core, Geomag.
Aeron., 4,989-916.

Braginsky, S.I. & Roberts, PH., 1995. Equations governing convection in
Earth’s core and the geodynamo, Geophys. astrophys. Fluid Dyn., 79,
1-97.

Breuer, D. & Spohn, T., 1993. Cooling of the Earth, Urey ratios, and the
problem of potassium in the core, Geophys. Res. Lett., 20, 1655-1658.
Brown, .M. & McQueen, R.G., 1986. Phase transitions, Grueneisen param-
eter, and elasticity for shocked iron between 77 and 400 GPa, J. geophys.

Res., 91, 7485-7494.

© 2003 RAS, GJI, 156, 363-376

Zz0z Jequsideg |z uo 1senb Aq z1.z29¥02/£9¢/2/9G | /o1o1e/B/woo dno-ojwepeoe//:sdiy wolj papeojumoq



Buffett, B.A., Huppert, H.E., Lister, JR. & Woods, A.W., 1996. On the
thermal evolution of the Earth’s core, J geophys. Res., 101, 7989—
8006.

Buffett, B.A., 2002. Estimates of heat flow in the deep mantle based on
the power requirements for the geodynamo, Geophys. Res. Lett., 29,
doi:10.1029/2001GL014649.

Butler, S.L. & Peltier, W.R., 2000. On scaling relations in time-dependent
mantle convection and the heat transfer constraint on layering, J. geophys.
Res., 105, 3175-3208.

Chabot, N.L. & Drake, M.J., 1999. Potassium solubility in metal: the effects
of composition at 15kbar and 1900 degrees C on partitioning between
iron alloys and silicate melts, Earth planet. Sci. Lett., 172, 323-335.

Christensen, U., Olson, P. & Glatzmaier, G., 1999. Numerical modelling
of the geodynamo: a systematic parameter study, Geophys. J. Int., 138,
393-409.

Dziewonski, A.M. & Anderson, D.L., 1981. Preliminary reference Earth
model, Phys. Earth. planet. Inter., 25,297-356.

Gessmann, C.K. & Wood, B.J., 2002. Potassium in the Earth’s core?, Earth
planet. Sci. Lett., 200, 63—78.

Glatzmaier, G.A., 2002. Geodynamo simulations - how realistic are they?,
Ann. Rev. Earth planet. Sci., 30, 237-257.

Glatzmaier, G.A. & Roberts, PH., 1995. A three-dimensional convective
dynamo solution with rotating and finitely conducting inner core and
mantle, Phys. Earth planet Int., 91, 63-75.

Goettel, K.A., 1974. Potassium in the Earth’s core: evidence and implica-
tions, in Physics and Chemistry of Minerals and Rocks, pp. 479489, ed.
Strews, R.G., John Wiley Interscience, New York.

Gubbins, D., Masters, T.G. & Jacobs, J.A., 1979. Thermal evolution of the
Earth’s core, Geophys. J. R. astr. Soc., 59, 57-99.

Gubbins, D., Alfe, D., Masters, T.G., Price, D. & Gillan, M.J., 2003a. Can
the Earth’s dynamo run on heat alone?, Geophys. J. Int., 155, 609—
622.

Gubbins, D., Alfe, D., Masters, T.G., Price, D. & Gillan, M.J., 2003b.
Gross thermodynamics of 2-component core convection, Geophys. J. Int.,
in press.

Hofmeister, A.M., 1999. Mantle values of thermal conductivity and the
geotherm from phonon lifetimes, Science, 283, 1699-1706.

Honda, S. & Iwase, Y., 1996. Comparison of the dynamic and parameterized
models of mantle convection including core cooling, Earth planet. Sci.
Lett., 139, 133-145.

Howard, L. N., 1964. Convection at high Rayleigh numbers, in ed. Gortler,
H., Proc. 11th Int. Conf. on Applied Mechanics, pp. 1109-1115, Springer-
Verlag, New York.

Jellinek, A.M. & Manga, M., 2002. The influence of a chemical boundary
layer on the fixity, spacing and lifetime of mantle plumes, Nature, 418,
760-763.

Karato, S. & Wu, P, 1993. Rheology of the upper mantle: A synthesis,
Science, 260, 771-778.

Kroner, A. & Layer, PW., 1992. Crust formation and plate motion in the
early Archean, Science, 256, 1405-1411.

Kuang, W. & Bloxham, J., 1997. An Earth-like numerical dynamo model,
Nature, 389, 371-374.

Kutzner, C. & Christensen, U.R.,2002. From stable dipolar towards reversing
numerical dynamos, Phys. Earth planet. Inter., 131, 29-45.

Labrosse, S., 2002. Hotspots, mantle plumes and core heat loss, Earth planet.
Sci. Lett., 199, 147-156.

Labrosse, S., Poirier, J.-P. & Le Mouel, J.-L., 1997. On cooling of the Earth’s
core, Phys. Earth. planet. Inter., 99, 1-17.

Labrosse, S., Poirier, J.-P. & Le Mouel, J.-L., 2001. The age of the inner core,
Earth planet. Sci. Lett., 190, 111-123.

Lee, K.K. & Jeanloz, R., 2002. Equation of state of K+Fe at high pressure: K
in the Earth’s core?, EOS Trans. Am. geophys. Un., 83, Fall Meet. Suppl.,
Abstract MR62B-1065.

Loper, D.E., 1978. The gravitationally powered dynamo, Geophys. J. R. astr.
Soc., 54, 389-404.

Manga, M. & Jeanloz, R., 1997. Thermal conductivity of corundum and
periclase and implications for the lower mantle, J. geophys. Res., 102,
2999-3008.

© 2003 RAS, GJI, 156, 363-376

Core and geodynamo evolution 375

Manga, M., Weeraratne, D. & Morris, S.J.S, 2001. Boundary-layer thick-
ness and instabilities in Benard convection of a liquid with temperature-
dependent viscosity, Phys. Fluids, 13, 802—805.

Masters, T.G. & Gubbins, D., 2003. On the resolution of density within the
Earth, Phys. Earth planet. Inter., 140, 159-167.

Matassov, G., 1977. The electrical conductivity of iron-silicon alloys at high
pressures and the Earth’s core, PhD thesis, Lawrence Livermore Labora-
tory, University of California, CA.

McKenzie, D.P. & Bickle, M.J., 1988. The volume and composition of melt
generated by extension of the lithosphere, J. Petrol., 29, 625-679.

McKenzie, D. & Richter, F.,, 1981. Parameterized convection in a layered
region and the thermal history of the Earth, J. geophys. Res., 86, 11 667—
11680.

McElhinny, M.W. & Senanayake, W.E., 1980. Paleomagnetic evidence for
the existence of the geomagnetic field 3.5 Ga ago, J. geophys. Res., 85,
3523-3528.

Mitrovica, J.X. & Forte, A.M., 1997. Radial profile of mantle viscosity:
results from the joint inversion of convection and postglacial rebound
observables, J. geophys. Res., 102, 2751-2769.

Mollett, S., 1984. Thermal and magnetic constraints on the cooling of the
Earth, Geophys. J. R. astr. Soc., 76, 653—666.

Montague, N.L. & Kellogg, L.H., 2000. Numerical models of a dense layer
at the base of the mantle and implications for the geodynamics of D”, J.
geophys. Res., 105,11 101-11 114.

Munk, W.H. & MacDonald, G.J.E, 1960. The Rotation of the Earth: a Geo-
physical Discussion, Cambridge Univ. Press, Cambridge, p. 323.

Murthy, V.R., van Westrenen, W. & Fei, Y., 2003. Experimental evidence
that potassium is a substantial radioactive heat source in planetary cores,
Nature, 423, 163—165.

Nimmo, F, 2002. Why does Venus lack a magnetic field?, Geology, 30,
987-990.

Nimmo, F. & Stevenson, D., 2000. The influence of plate tectonics on the ther-
mal evolution and magnetic field of Mars, J. geophys. Res., 105, 11 969—
11980.

Olson, P, Christensen, U. & Glatzmaier, G.A., 1999. Numerical modeling
of the geodynamo: mechanisms of field generation and equilibration, J.
geophys. Res., 104, 10383-10404.

Peltier, W.R. & Jiang, X., 1996. Mantle viscosity from simultaneous inver-
sion of multiple data sets pertaining to postglacial rebound, Geophys. Res.
Lett., 23, 503-506.

Roberts, PH. & Glatzmaier, G.A., 2001. The geodynamo, past, present and
future, Geophys. astrophys. Fluid Dyn., 94, 47-84.

Roberts, PH., Jones, C.A. & Calderwood, A.R., Energy fluxes and ohmic
dissipation in the Earth’s core, in Earth’s Core and Lower Mantle, eds
Jones, C.A., Soward, A.M. & Zhang, K., Book Series The Fluid Mechanics
of Astrophysics and Geophysics (Series ed. A.M. Soward & Ghil, M.,)
Vol. 11. Taylor & Francis (in press).

Schaeffer, N. & Manga, M., 2001. Interaction of rising and sinking mantle
plumes, Geophys. Res. Lett., 28, 455-458.

Schubert, G., Ross, M.N., Stevenson, D.J. & Spohn, T., 1988. Mercury’s
thermal history and the generation of its magnetic field, in Mercury,
pp- 429-460, eds Vilas, F.,, Chapman, C.R. & Matthews, M.S., Univ. Ariz.
Press, Tucson, AZ.

Sclater, J.G., Jaupart, C. & Galson, D., 1980. The heat flow through oceanic
and continental crust and the heat loss of the Earth, Rev. Geophys. Space
Phys., 18,269-311.

Shearer, PM. & Masters, T.G., 1990. The density and shear velocity contrast
at the inner core boundary, Geophys. J. Int., 102, 491-498.

Sleep, N.H., 1990. Hot spots and mantle plumes: some phenomenology, J.
geophys. Res., 95, 6715-6736.

Solomatov, V. S., 1995. Scaling of temperature- and stress-dependent vis-
cosity convection, Phys. Fluids, 7,266-274.

Solomatov, V.S. & Moresi, L.-N., 2000. Scaling of time-dependent stagnant
lid convection: application to small-scale convection on Earth and other
terrestrial planets, J. geophys. Res., 105,21 795-21817.

Stacey, ED. & Anderson, O.L., 2001. Electrical and thermal conductivities
of Fe-Ni-Si alloy under core conditions, Phys. Earth planet. Inter., 124,
153-162.

O
o
2
=1
o)
)
Q
@
a
=
o
3
=
=
o
7]
=
[
Q
)
aQ
@
3
o
o
C
©
Q
o)
3
=4
Q
=:
®
3
Q
Q)
8
=
[
<)
R
N
2
[
»
@
2
N
o
=
)
N
=
)
o
<
Q@
c
o]
17
L
o
=]




376  F Nimmo et al.

Stacey, ED. & Loper, D.E., 1984. Thermal histories of the core and mantle,
Phys. Earth planet. Inter., 36, 99—-115.

Stein, C.A. & Stein, S., 1992. A model for the global variation in oceanic
depth and heat-flow with lithospheric age, Nature, 359, 123—129.

Stevenson, D.J., 1990. Fluid dynamics of core formation, in Origin of the
Earth, pp. 231-250, eds Newsom, H.E. & Jones, J.E., Oxford Univ Press,
Oxford.

Stevenson, D.J., Spohn, T. & Schubert, G., 1983. Magnetism and thermal
evolution of the terrestrial planets, Icarus, 54, 466—489.

Sun, S. S. & McDonough, W.E,, 1989. Chemical and isotopic systematics of
oceanic basalts: implications for mantle composition and processes, Geol.
Soc. Spec. Pub., 42, 313-345.

Tackley, PJ., 2000. Self-consistent generation of tectonic plates in time-
dependent, three-dimensional mantle convection simulations Part 1:
Pseudo-plastic yielding, Geochem., Geophys., Geosys., 1, Paper number
2000GC000036.

Tackley, PJ. & Xie, S., 2002. The thermo-chemical structure and evolution
of Earth’s mantle: constraints and numerical models, Phil. Trans. R. Soc.
Lond. A., 360, 2593-2609.

Yamazaki, D., Kato, T., Yurimoto, H., Ohtani, E. & Toriumi, M., 2000. Silicon
self-diffusion in MgSiO3 perovskite at 25 GPa, Phys. Earth planet. Inter.,
119, 299-309.

Yoo, C.S., Holmes, N.C., Ross, M., Webb, D.J. & Pike, C., 1993. Shock
temperatures and melting of iron at Earth core conditions, Phys. Rev.
Lett., 70, 3931-3934.

Yuen, D.A., Balachandar, S., Steinbach, V.C., Honda, S., Reuteler, D.M.,
Smedsmo, J.J. & Lauer, G.S., 1995. Non-equilibrium effects of core cool-
ing and time-dependent internal heating on mantle flush events, Nonlinear
Processes Geophys., 2,206-221.

Yukutake, T., 2000. The inner core and the surface heat flow as clues to
estimating the initial temperature of the Earth’s core, Phys. Earth planet.
Inter;, 121, 103-137.

© 2003 RAS, GJI, 156, 363-376

Zz0z Jequsideg |z uo 1senb Aq z1.z29¥02/£9¢/2/9G | /o1o1e/B/woo dno-ojwepeoe//:sdiy wolj papeojumoq



