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The joined core and mantle thermal evolution model of the Earth for 6 Gy is considered. The model
describes evolution of the heat fluxes, temperature distribution in the Earth, energy available for the
magnetic field generation. Using Monte Carlo method we find parameters of the model which produce
realistic inner core size, heat flux at the surface of the planet, viscosity and temperature of the mantle.
The quite large heat flux at the core-mantle boundary and corresponding energy source for geodynamo
after accretion help to explain existence of the ancient geomagnetic field before the inner core origin.
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Introduction

The magnetic field of the Earth is produced by
the motions of conducting medium in the core. It
is supposed that the core appeared in 50–100 Ma
after accretion. Since that time its radius supposed
to be the same [Drake, 2000; Solomatov, 2007]. Due
to the cooling of the planet, fluid motions in the
core generate magnetic field, observed at the sur-
face of the planet. The age of the oldest measure-
ments of the field, dated to 3.6 Ga in the past, is
comparable in order of magnitude to the age of the
planet 4.6 Gy [Tarduno et al., 2010]. Whether the
present magnetic field behavior is possible to re-
produce in the models, than the ancient magnetic
field is still the subject of numerous discussions.
To the moment it is not clear how this field can be
generated at all [Olson, 2013]. The problem comes
from the simple energy estimates of the thermal
and compositional counterparts. It is believed that
the thermal convection alone is insufficient for the
magnetic field generation. So far compositional
convection started with appearance of the inner
core (IC), which is quite young 1–2 Ga, the so-
called core’s paradox takes place: the paleomag-
netic observations contradict to the thermal evo-
lution models of the Earth, which can not explain
existence of the magnetic field before IC origin.
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The main point of such a cooling models is the
slow decrease of the prescribed heat flux Qb at the
core-mantle boundary (CMB). Its behavior deter-
mines slow cooling of the core and as a result the
quite young IC [Labrosse et al., 1997]. On the other
hand it is well known that cooling of the man-
tle was very different: the corresponding heat flux
Qs at its surface decreased in order of magnitudes
during the age of the planet [Abe, 1993; Solomatov,
2007]. The most dramatic changes of Qs took place
just after separation of the core and mantle after
accretion, and continued not more than 1 Gy. It
is this time interval, when IC was absent, and the
thermal convection was the single energy source
in geodynamo. Here we show how increase of the
Earth’s cooling in the past can help to explain exis-
tence of the geomagnetic field before IC origin.

Thermodynamics of the Earth

The core

Following [Labrosse et al., 1997; Labrosse, 2003;
Reshetnyak, 2019] we consider scenario of the
Earth’s evolution, where soon after the end of the
accretion process, the Earth’s core of radius rb was
fully convective. Then, it cooled due to the thermal
flux Qb at CMB, r = rb, and as a result, depending
on the amplitude of Qb, the solid IC could appear.
Its radius c started to grow with time t.
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Radial distributions of density ρ(r), pressure
P (r) and gravity g(r) satisfy to the hydrostatic bal-
ance equations:

∇P = −ρg, g(r) =
4πG
r2

r∫
0

ρ(u)u2 du, (1)

with G the gravitational constant. The logarithmic
equation of state

P = K◦
ρ

ρ◦
ln

ρ

ρ◦
, (2)

closes system of equations for (P , ρ, g), where K◦,
ρ◦ are incompressibility and density at zero pres-
sure, respectively. The jump of the density, ob-
served at the surface of IC, and which effect on the
evolution of the core is quite small, is introduced
as follows:

ρ =

ρ+ δρ, if r ≤ c

ρ, if r > c.
(3)

Equations (1)–(3) with given c can be solved nu-
merically. Then, with known (P , ρ, g), adiabatic
temperature profile can be derived:

Tad(r) = Tc(c)e
−

r∫
c

α(u)g(u)
Cp

du
, (4)

where Tc(c) is the temperature at r = c, thermal ex-
pansion coefficient

α(r) =
γCpρ◦

K◦

(
1 + ln

ρ

ρ◦

) , (5)

with Cp specific heat, and γ for Grüneisen param-
eter.

If IC is still absent, c = 0, then Tc(c) = T◦, where
the temperature in the center of the Earth T◦ can
be found from the heat balance equation:

Qb = −4π

rb∫
0

ρCp
∂Tad
∂t

r2 dr = −∂T◦S
∂t

,

S = 4πCp

rb∫
0

e
− 1
Cp

r∫
0
α(a)g(a)da

ρr2 dr.

(6)

The growth of IC starts, when temperature of the
outer core (OC) is equal to the temperature of so-
lidification:

Ts(r) = T ◦s

(
ρ(r)
ρ(c)

)2(γ− 1
3 )

, (7)

where T ◦s is the temperature of solidification in the
center of the Earth. Solidification process starts in
the core’s center, i.e. Tc = T◦ = T ◦s , r = c = 0. Then,

for c > 0, Ts defines adiabatic temperature at the
boundary c in (4): Tc(c) = Ts(c).

Position of IC boundary c can be derived from
the heat flux equation:

Qb −Qc = QL +QG +QC +QR (8)

with Qc heat flux at IC boundary, QL latent heat,
QG release of gravitational energy, QC adiabatic
cooling, and QR for radiogenic heating in the core.

Let introduce functions PL, PG, PC such that:

QL = ċPL, QG = ċPG, QC = ċPC . (9)

The latent heat source is defined as

PL(c) = 4πρ(c)c2δS Ts(c), (10)

with δS entropy of crystallization.
The gravitational energy due to the growth of IC

[Loper, 1984] and adiabatic cooling have the form:

PG =
2π
5

GM◦δρ
c2

rb

3− 5
(
c
rb

)2 ,
PC = −πCp

rb∫
c

ρ
∂Tad
∂c

r2 dr,

(11)

with M◦ mass of the core. Equations (8)–(11) gov-
ern evolution of IC boundary c. They can be re-
solved with respect to ċ and integrated in time.

From condition of continuity of the tempera-
ture at the boundary c, follows that Ts(c) is the
boundary condition for the thermal-diffusion in
IC, 0 < r < c, with a moving boundary c(t):

∂T
∂t

= k∆T , (12)

where k is the thermal diffusivity. The second
boundary condition in the center r = 0 is T ′ = 0,
where ′ is a derivative on r. The joined system (1)–
(12) defines evolution of the fields in the core with
prescribed Qb. Equations (1)–(12) were solved
numerically, using iterative methods with under-
relaxation method to provide numerical stability,
see for parameters values Table 1.

The mantle

Cooling of the mantle occurs due to the heat flux
into the near-earth space. It is usually assumed
that the temperature at the Earth’s surface Ts is
fixed. An important difference between the mantle
and the core is presence of the pronounced thermal
boundary layers in the mantle, corresponding to
the D ′′ layer and the lithosphere, associated with
the large Rayleigh numbers in the mantle and a
strong dependence of viscosity on temperature in
the mantle [Schubert et al., 2001]. In order to de-
scribe temperature jumps in the boundary layers,
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Table 1: Parameters of the core

Parameter
Deno-
tation

Value

gravitational constant G 6.69× 10−11m3/(kg s2)
thermal diffusivity k 7× 10−6m2/s

kinematic viscosity ν 10−6m2/s

light element diffusiv-
ity λ 10−9m2/s

coefficient of chemical
expansion

β
1

Grüneisen parameter γ 1.5

core radius rb 3480km

entropy of crystalliza-
tion

δS
118 J/(kg K)

density at zero pres-
sure

ρ◦ 7500kg/m3

density jump at ICB δρ 500kg/m3

incompressibility of
the core

K◦ 4.76× 1011 Pa

modern IC radius ĉ 1.22× 106 m

specific heat Cp 860 J/(kg K)

the following elegant approach is used [Stevenson
et al., 1983; Schubert et al., 2001]. The cooling equa-
tion for the average temperature Tm of the mantle
of mass Mm with heat capacity Cm

p has the form:

CpMm
∂Tm
∂t

= Qb −Qs +H(t), (13)

where Qs is a heat-flux at the surface of the Earth,
H is a specific radiogenic heat production rate de-
cays with time according to an exponential de-
cay law H = H◦e

− t
τ , τ is a decay time. The mean

temperature of the mantle Tm is average over the
bulk of the mantle between boundary layers of the
thickness δ1 and δ2. The jumps of the tempera-
ture in the layers satisfy relations: δT1 = Tm − Tb,
δT2 = Ts − Tm, δT1 + δT2 = δT , δT = Ts − Tb.

There are two unknown heat fluxes in rhs of
(13), which should be derived as a functions of
Tm. The flux Qs and layer’s thickness δ2 depend

on δT as Qs = Ssk
δT

rs − rb
Nu, and δ2 = Nu−1 (rs − rb),

where Nu =
( Ra

Racr

)β
is the Nusseldt number,

k = κρCp thermal diffusivity, β scaling constant,
Ss = 4πr2

s – surface of the Earth. The Rayleigh

Table 2: Parameters of the mantle

Parameter
Deno-
tation

Value

Earths’ radius rs 6.371× 106 m
density ρ 3.4× 103 kg/m3

critical Rayleigh num-
ber Racrit 1200
specific heat Cp 1230 J/(kg K)
gravity g 10 m/s2

coefficient of thermal
expansion α 3× 10−5 K−1

thermal diffusivity κ 10−6 m2/s
scaling constant β 0.3
modern heat flux at
Earth’s surface Q̂s 44 TW
temperature at Earth’s
surface Ts 0 K

number Ra =
gαδT (rs − rb)3

κν
, with

ν = ν◦e
A◦
Tm (14)

for a kinematic viscosity of the mantle, and ν◦, A◦
are the constants. It is supposed that Ra≫ Racrit ,
where Racrit is a critical value, corresponding to
the threshold of the thermal convection. Whether
Qb is prescribed, then (13) and (14) can be inte-
grated in time. In spite of the fact that due to
smallness of Qb, Qb ≪ Qs, Qb is usually omitted
in the mantle simulations, it is in the core simu-
lations Qb is extremely important and should be
taken into account.

Numerical experiments reveal that to find δ1
it is convenient to use the following empirical
technique, based on the estimate of the critical
Rayleigh number for a boundary layer with vari-
able viscosity [Stevenson et al., 1983]:

Racrb =
gαδT1δ

3
1

κν1
≈ 2× 103. (15)

Then

lδ1 =
(

Racrbκν1

gαδT1

)1/3

,

δT1 = δT − δT2,

Qb = Sbk
δT1

δ1
,

(16)

where Sb = 4πr2
b is a surface of OC. System of (13)–

(16) for the given δT was solved with respect to Tm
for the values specified in the Table 2.

To find solution of the joint core and mantle
cooling problem the following algorithm was used.
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At constant Ts jump δT depends only on the tem-
perature Tb, which changes as the core is cooling.
The condition for matching the cooling of the core
and mantle follows from the continuity of the tem-
perature at rb. Let the flux Qb is known at the
current iteration. This (together with the initial
conditions) is enough to solve (1)–(12) for the core
and find adiabatic temperature Tad(rb) at the outer
boundary of the core. Then, with known δT , (13)–
(16) are solved with respect to Tm and Qb. The iter-
ative process, including calculation of the physical
fields for the core and mantle at the current time
step, stops when the certain accuracy criterion is
met.

Geodynamo

To the moment nothing was mentioned on capa-
bility of the core convection to generate magnetic
field B. Geodynamo process transforms kinetic en-
ergy, produced by heating and IC growth, into the
energy of the magnetic field Em. After some time
Em, due to the ohmic dissipation, transforms again
to the heat QJ . So far Em is the intermediate kind
of energy, it is absent in (8). To estimate Em ∼QJ in
OC one needs additional equation for the entropy
balance in OC [Backus, 1975; Braginsky and Roberts,
1995; Labrosse, 2003]:

Qb

Tb
=
QC

T
+Σ+

QJ

TD
+

1
Tc

(QL +Qc) , (17)

with the mean temperature T = V −1
∫
Tad dV , ele-

mentary volume dV , entropy production by adi-

abatic cooling Σ = C−2
P

∫
κ (αg)2 dV . Note, that

before IC origin QL = QG = Qc = 0. The estimate
of the temperature, corresponding to the entropy

production by ohmic dissipation, is TD =
T + Tb

2
.

Deriving QJ from (8),(17) leads to the estimate of
the energy available to geodynamo:

QJ = TD

[
Qb

(
1
Tb
− 1

T

)
−Σ+

(QL +Qc)
(

1

T
− 1
Tc

)
+
QG

T

]
,

(18)

with already known rhs. Note, that Carnot-like
expression (18) is more complex compared to the
scaling law prediction B ∼ Q1/3

b [Christensen and
Aubert, 2006].

Earth’s cooling simulations

Equations (1)–(16) were integrated over 6 Gy
from the moment when the core appeared at t = 0.
Recall that the modern epoch corresponds to t =
4.5 Gy. So far accuracy of parameters in Table 1

and Table 2 is limited, the Monte-Carlo method
was used to vary T◦, T ◦s , responsible for the core’s
thermodynamics, and ν◦, A◦, H◦ for the heat fluxes
in the mantle. To find the optimal solution the fol-
lowing cost function was applied:

lΨ = 1− e−
R1+R2+R3

3 ,

R1 =
|c − ĉ|
ĉ

, R2 =
|Qs − Q̂s |

Q̂s

.
(19)

The latter function R3 in (19) is zero if the mean

values of the ohmic dissipation Qa
J , Qb

J over the
time intervals before and after origin of IC at t = tc,
correspondingly, are larger than the given value
Q̂J , otherwise R3 = 1. Minimum of the cost func-
tion Ψ corresponds to the solution with the mod-
ern values of the core radius c = ĉ, the heat flux at
the surface of the planet Qs = Q̂s, as well as with

Qa
J > Q̂J and Qb

J > Q̂J , Q̂J = 0.5 TW.
The obtained optimal solution corresponds to

T◦ = 6285 K, T ◦s = 5366 K, ν◦ = 1.502 × 107 m2/s,
A◦ = 6.937 × 104 K. The amplitude of the inter-
nal radiogenic sources Cm, decaying 4.5 times over
4.5 Gy. The Urey numbers at t = 4.5 Gy are
Ur1 = QR/Qs = 0.2, Ur2 = QR/(Qs −Qb) = 0.25.

As follows from Figure 1a, IC appears at
tc = 1.87 Gy and at t = 4.5 Gy its radius c =
1350 km is 10% larger than the modern one. The
surface heat flux Qs = 54 TW is 20% larger than
the present flux.

Just after accretion Qs was 500 times larger than
the present value. During 1 Gy Qs decreased to
the modern level. Such a rapid stabilisation is due
to the exponential dependence of the mantle kine-
matic viscosity on the temperature Tm (18): the
larger is Tm, the smaller is viscosity ν, then the
larger is the heat flux Qs, and the faster is the man-
tle’s cooling and decrease of Tm.

The thicknesses of the boundary layers
δ1 = 62 km and δ2 = 135 km are compared
to the thickness of D ′′ layer and lithosphere
∼ 100 km. The temperature jumps in the layers
δT1 = 100 K, δT2 = 24,700 K lead to Tm = 2740 K
and Tb = 3730 K, comparable to expected in
D ′′ layer and lithosphere [Schubert et al., 2001].
Viscosity of the mantle is ν = 1.5 × 1018 m2/s and
the Nusseldt number Nu = 21.

The heat flux Qb at CMB, see Figure 1b, also has
maximum at the early stage of evolution. How-
ever its magnitude is only 3 times larger than the
present one. The rapid decrease of Qb stopped at
tc, in the moment, when IC started to grow, sup-
plying additional energy to the system. Since that
time decrease of Qb was of order 1 TW per Gy. The
small Qb at t = 0 is due to the initial homogeneous
temperature distribution in the mantle, accepted
in the model.
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Figure 1: Evolution of IC radius c and surface
heat flux Qs (upper plane); ohmic heating QJ and

heat flux Qb at CMB (lower plane).

Behavior of QJ , associated with the energy of the
magnetic field Em, is very similar to Qb. Its present
value 0.6 TW is within the range of acceptable val-
ues [Labrosse, 2003]. Before IC origin QJ was larger
because of the larger flux at CMB Qb, which forced
convection in the core. As a result, convection in
the core before IC origin could be more intensive
than expected earlier [Olson, 2013]. This can ex-
plain existence of the magnetic field before IC ori-
gin.

The main difference of our model from the pre-
vious models, e.g., [Labrosse et al., 1997; Labrosse,
2003], is intensive heat flux at CMB Qb in the early
past, while the other parameters and initial con-
ditions are very similar. Due to increase of Qb IC
becomes older, its age is 2.9 Gy. To fit the present
size of IC to observations one needs to increase the
initial temperature of the center of the Earth af-
ter accretion T◦ up to 6280 K (5% percents larger
of the value 6000 K adapted from [Labrosse et al.,
1997]). The older is IC the less is accuracy of pale-
omagnetic data, and it is more difficult to identify
IC origin in the case of change of the magnetic field
generation.

Conclusions

The main result of the work is taking into ac-
count the rapid change in the thermal evolution of
the mantle just after accretion in the model of the
evolution of the Earth’s core. The large heat flux
at the Earth’s surface leads to the rapid freezing of
the core and as a result to the old inner core. In its
turn old inner core provides energy enough for the
magnetic field generation 3Gy ago.

However, due to the strong cooling of the core
by the mantle after accretion, change of geomag-
netic field intensity because of IC origin is quite
small in the model, making geomagnetic field in-
tensity very pure characteristic for IC origin iden-
tification. The same conclusion follows from the
paleomagnetic data which do not register apparent
change of the field generation. It appears that the
more subtle characteristics of the magnetic field
than its intensity should be used to check IC ori-
gin.

Since the dipole magnetic field exists in the lim-
ited range of Rayleigh numbers [Christensen and
Aubert, 2006], and can decay with a significant in-
crease of convection, we can expect that at the early
stage of Earth’s evolution, when Qs and Qb were
much larger than the present values, the geomag-
netic field was multipolar. If we take this point of
view, then the absence of observations of the dipole
magnetic field during the first billion years is ex-
plained not only by the absence of geological rocks
suitable for paleomagnetic measurements, but by
the absence of the dipole magnetic field itself.

Acknowledgments. This study was performed
within the framework of a State Assignment of the
Schmidt Institute of Physics of the Earth of Rus-
sian Academy of Sciences.

References

Abe, Y., Physical state of the very early earth, 30(3), 223–
235, doi:10.1016/0024-4937(93)90037-D, the evolv-
ing earth, 1993.

Backus, G. E., Gross Thermodynamics of Heat En-
gines in Deep Interior of Earth, Proceedings of the
National Academy of Sciences, 72(4), 1555–1558,
doi:10.1073/pnas.72.4.1555, 1975.

Braginsky, S. I., and P. H. Roberts, Equations governing
convection in earth’s core and the geodynamo, Geo-
physical & Astrophysical Fluid Dynamics, 79(1–4), 1–
97, doi:10.1080/03091929508228992, 1995.

Christensen, U. R., and J. Aubert, Scaling proper-
ties of convection-driven dynamos in rotating spher-
ical shells and application to planetary magnetic
fields, Geophysical Journal International, 166(1), 97–
114, doi:10.1111/j.1365-246X.2006.03009.x, 2006.

https://doi.org/10.2205/2022ES000797 ES2006 5 of 6

https://doi.org/10.1016/0024-4937(93)90037-D
https://doi.org/10.1073/pnas.72.4.1555
https://doi.org/10.1080/03091929508228992
https://doi.org/10.1111/j.1365-246X.2006.03009.x


Mantle cooling regulation. . . Reshetnyak, 2022

Drake, M. J., Accretion and primary differentia-
tion of the Earth: a personal journey, Geochim-
ica et Cosmochimica Acta, 64(14), 2363–2369,
doi:10.1016/S0016-7037(00)00372-0, 2000.

Labrosse, S., Thermal and magnetic evolution of the
earth’s core, Physics of the Earth and Planetary Interi-
ors, 140(1), 127–143, doi:10.1016/j.pepi.2003.07.006,
geophysical and Geochemical Evolution of the Deep
Earth, 2003.

Labrosse, S., J.-P. Poirier, and J.-L. Le Mouël, On cool-
ing of the Earth’s core, Physics of the Earth and
Planetary Interiors, 99(1), 1–17, doi:10.1016/S0031-
9201(96)03207-4, 1997.

Loper, D. E., Structure of the Core and Lower
Mantle, pp. 1–34, Elsevier, doi:10.1016/S0065-
2687(08)60243-5, 1984.

Olson, P., The New Core Paradox, Science, 342(6157),
431–432, doi:10.1126/science.1243477, 2013.

Reshetnyak, M. Y., Evolution of the inner core of the
Earth: consequences for geodynamo, Magnetohydro-

dynamics, 55(1–2), 175–183, doi:10.22364/mhd.55.1-
2.21, 2019.

Schubert, G., D. Turcotte, and P. Olson, Mantle convec-
tion in the Earth and planets, Cambridge University
Press, 2001.

Solomatov, V., 9.04 – magma oceans and primor-
dial mantle differentiation, in Treatise on Geophysics,
edited by G. Schubert, pp. 91–119, Elsevier, Amster-
dam, doi:10.1016/B978-044452748-6.00141-3, 2007.

Stevenson, D. J., T. Spohn, and G. Schubert, Mag-
netism and thermal evolution of the terrestrial
planets, Icarus, 54(3), 466–489, doi:10.1016/0019-
1035(83)90241-5, 1983.

Tarduno, J. A., R. D. Cottrell, M. K. Watkeys, A. Hof-
mann, P. V. Doubrovine, E. E. Mamajek, D. Liu,
D. G. Sibeck, L. P. Neukirch, and Y. Usui, Geody-
namo, Solar Wind, and Magnetopause 3.4 to 3.45
Billion Years Ago, Science, 327(5970), 1238–1240,
doi:10.1126/science.1183445, 2010.

https://doi.org/10.2205/2022ES000797 ES2006 6 of 6

https://doi.org/10.1016/S0016-7037(00)00372-0
https://doi.org/10.1016/j.pepi.2003.07.006
https://doi.org/10.1016/S0031-9201(96)03207-4
https://doi.org/10.1016/S0031-9201(96)03207-4
https://doi.org/10.1016/S0065-2687(08)60243-5
https://doi.org/10.1016/S0065-2687(08)60243-5
https://doi.org/10.1126/science.1243477
https://doi.org/10.22364/mhd.55.1-2.21
https://doi.org/10.22364/mhd.55.1-2.21
https://doi.org/10.1016/B978-044452748-6.00141-3
https://doi.org/10.1016/0019-1035(83)90241-5
https://doi.org/10.1016/0019-1035(83)90241-5
https://doi.org/10.1126/science.1183445

