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The Earth’s surface is immersed in a magnetic field 
that is mainly a dipole. The geomagnetic field deviates 
charged particles from the Sun, which may help to pro-
tect Earth’s atmosphere from erosion by solar winds1–3. 
Humans have used magnetic compasses to navigate the 
oceans and continents for thousands of years. Some ani-
mals, including sea turtles and salmon, are thought to 
use the magnetic field for navigation4,5. Magnetotactic 
bacteria, which swim along magnetic field lines6,7, rely 
on Earth’s magnetic field to migrate up and down in the 
sediment column. The magnetic field is thus an essential 
aspect of Earth.

Yet, the origin of this field long remained a mystery. 
In 1919, it was hypothesized that the geomagnetic field 
originates from the flow motions of conducting material 
inside the Earth through the so-​called dynamo effect8 
(Box 1). Over a century later, it is now widely accepted 
that the geodynamo operates in the outer core, which 
consists of flowing liquid metal9 (Fig. 1a).

The most accepted scenario to drive turbulent core 
flows and the geodynamo is natural convection9 caused 
by the slow cooling of the Earth (Fig. 1b). Numerical 
simulations of a convection-​driven geodynamo pro-
duce a magnetic field that resembles that of the Earth10 
and they are coming close to the conditions of Earth’s 
core11–15. Therefore, the behaviour of the geomagnetic 
field at Earth’s surface can be explained by the convective 
dynamics deep inside the core14,15.

Magnetized rocks indicate that the geodynamo is at 
least 3.4 Gyr old16. Whether convection can sustain the 
geodynamo for such a long time critically depends on  
the thermal conductivity of the core17. However, the value 
of core conductivity is highly debated, with published 
values18–26 ranging between 20 and 250 W m−1 K−1. With 
high conductivity values of 100−250 W m−1 K−1 found by 
experimental and numerical investigations23–26, much of 
the core heat flow would escape by conduction, leaving 
little to drive thermal convection, especially at the time 
when the core was fully molten17,27,28. This disconcerting 
result, termed the ‘new core paradox’17, motivated the 
search for other mechanisms to drive the geodynamo.

A possible mechanism is the exsolution of light ele-
ments from the core (Fig. 1c). Exsolution leaves behind 
a denser liquid, which produces natural convection and  
helps to sustain a convective geodynamo29–31. Tides  
and precession are also alternative mechanisms32–35 
that can produce turbulent flows in the outer core36–39, 
and hence could drive a dynamo (Fig. 1d,e). Advances 
in simulations of precession-​driven dynamos since the 
2000s40–43 have generated interest in a geodynamo pow-
ered by orbital forcing44. However, it remains unclear 
whether the exsolution of light elements, precession or 
tides can produce flows that are strong enough to solve 
the new core paradox.

In this review, we compare the candidate driving 
mechanisms for the geodynamo: convection, precession 

Exsolution
Precipitation of a dissolved 
substance, due to a decrease in 
temperature and hence  
in solubility.

Turbulent flow
A high Reynolds number flow, 
which, because of instabilities, 
exhibits a wide range of 
lengthscales and timescales, 
with apparently random 
fluctuations requiring a 
statistical description.

Sustaining Earth’s magnetic dynamo
Maylis Landeau1, Alexandre Fournier   1, Henri-​Claude Nataf2, David Cébron2  
and Nathanaël Schaeffer   2 ✉

Abstract | Earth’s magnetic field is generated by fluid motions in the outer core. This geodynamo 
has operated for over 3.4 billion years. However, the mechanism that has sustained the geodynamo 
for over 75% of Earth’s history remains debated. In this Review, we assess the mechanisms 
proposed to drive the geodynamo (precession, tides and convection) and their ability to match 
geomagnetic and palaeomagnetic observations. Flows driven by precession are too weak to drive 
the geodynamo. Flows driven by tides could have been strong enough in the early Earth, before 
1.5 billion years ago, when tidal deformation and Earth’s spin rate were larger than they are today. 
Evidence that the thermal conductivity of Earth’s core could be as high as 250 W m−1 K−1 calls  
the ability of convection to maintain the dynamo for over 3.4 billion years into question.  
Yet, convection could supply enough power to sustain a long-​lived geodynamo if the thermal 
conductivity is lower than 100 W m−1 K−1. Exsolution of light elements from the core increases  
this upper conductivity limit by 15% to 200%, based on the exsolution rates reported so far. 
Convection, possibly aided by the exsolution of light elements, remains the mechanism most 
likely to have sustained the geodynamo. The light-​element exsolution rate, which remains  
poorly constrained, should be further investigated.

1Université de Paris, Institut 
de Physique du Globe de 
Paris, CNRS, Paris, France.
2Université Grenoble Alpes, 
CNRS, ISTerre, Grenoble, 
France.

✉e-​mail:  
nathanael.schaeffer@
univ-​grenoble-​alpes.fr

https://doi.org/10.1038/ 
s43017-022-00264-1

REVIEWS

Nature Reviews | Earth & Environment

http://orcid.org/0000-0003-3276-0496
http://orcid.org/0000-0001-5206-3394
mailto:nathanael.schaeffer@univ- grenoble- alpes.fr
mailto:nathanael.schaeffer@univ- grenoble- alpes.fr
https://doi.org/10.1038/s43017-022-00264-1
https://doi.org/10.1038/s43017-022-00264-1
http://crossmark.crossref.org/dialog/?doi=10.1038/s43017-022-00264-1&domain=pdf
rtronnes
Highlight

rtronnes
Highlight

rtronnes
Highlight



0123456789();: 

and tides (Fig. 1b–e). We first summarize the main prop-
erties of the Earth’s dynamo, as deduced from geo-
magnetic and palaeomagnetic observations. For each 
driving mechanism, we discuss the latest simulations 
and evaluate their compliance with the present-​day geo-
magnetic field. We then examine whether the power or 
kinetic energy produced by each mechanism over geo-
logical time can sustain the long-​lasting magnetic field 
observed in palaeomagnetic data. In the future, better 
understanding of the early geodynamo requires inves-
tigation of the flow and magnetic fields produced by 
convection or tides in a fully liquid core, with no inner 
core. Additional constraints on the rate at which light 
elements have exsolved from the core throughout Earth’s 
history are also needed.

Geomagnetic and palaeomagnetic observations
The understanding of the Earth’s dynamo rests on the 
analysis of the present and past geomagnetic field.  
The direct observation of the geomagnetic field since the  
seventeenth century places important constraints on  
the workings of the geodynamo on interannual to sec-
ular timescales. Palaeomagnetic studies provide addi-
tional information on the mechanisms driving the 
geodynamo on millennial to geological timescales.

From the Age of Sail to the present day
Nowadays, satellites and ground-​based observatories 
provide us with a global and time-​dependent map of the 
Earth’s magnetic field45. The main field, of about 50 μT 
at the Earth’s surface46, is generated in the Earth’s core47. 
This field is dominated by a dipole slightly tilted with 
respect to the axis of rotation of the Earth, with a dipole 
moment of about 8 × 1022 A m2.

To trace the variations of the geomagnetic field, we 
must use the archives of magnetic observatories, some of 
which date back to the seventeenth century. Additional 
information can be obtained from mariners’ logbooks 
during the ‘Age of Sail’, from the end of the sixteenth 
century onward, in which the direction of the magnetic 
north pole was reported during voyages48.

The rate of change of the geomagnetic field, called 
the geomagnetic secular variation49, displays oscillations 
of period 6 years during the past century50. These oscil-
lations reflect the propagation of hydromagnetic waves, 
called Alfvén waves, in the outer core. Because the propa-
gation speed of these waves is proportional to the mag-
netic field, the field strength deep in the core can be 
estimated to 4 mT (ref.51). This value is about ten times 
the field strength at the core–mantle boundary (CMB), 
and it corresponds to a magnetic energy52 of about  
1021 J inside the core.

Beyond waves, flows inside the core transport mag-
netic field lines. This process explains most of the decadal-​ 
to-​secular fluctuations of the geomagnetic signal53. 
These variations suggest a large-​scale velocity of around 
3 × 10−4 m s−1 below the core surface. Assuming that this 
figure is representative of the flow in the bulk of the 
outer core yields a kinetic energy of 8 × 1016 J, about 104 
times smaller than the magnetic energy51.

Over geological time
Prior to the sixteenth century, observations of the geo-
dynamo rely on the remnant magnetization carried by 
rocks or archeological recorders54,55. In the laboratory, 
it is possible to recover the direction and amplitude of 
the geomagnetic field that reigned when the magnetiza-
tion was acquired. These indirect measurements allow 
geologists to determine the motion of continents over 
hundreds of millions of years56. They also open a win-
dow onto the behaviour of the geodynamo over several 
billions of years.

One of the most fundamental questions in palaeomag-
netic studies is the age of the geodynamo. Magnetic inclu-
sions in extremely old minerals from South Africa provide 
robust evidence that the geodynamo was active 3.4 Gyr 
ago16. Analyses of samples from Greenland suggest that 
the geodynamo had started 3.7 Gyr ago57. An even older 

Key points

•	Numerical models of the geodynamo driven by thermo-​chemical convection account 
for most of the observed properties of the present geodynamo.

•	The thermal conductivity in Earth’s core remains debated, with published values 
ranging between 20 and 250 W m−1 K−1. With a conductivity as high as 250 W m−1 K−1, 
motionless heat transport would prevail in the core implying that convection would 
not be able to sustain Earth’s magnetic dynamo for 3.4 billion years (Gyr).

•	Nevertheless, thermo-​chemical convection caused by the slow cooling of Earth 
supplies enough power to the geodynamo when the thermal conductivity is lower 
than 100 W m−1 K−1. The exsolution of light elements increases this upper conductivity 
limit only marginally or by up to a factor of three, depending on the exsolution rate.

•	Flows driven by precession are too weak to drive the geodynamo.

•	Flows driven by tides could have been strong enough before 1.5 Gyr ago, when tidal 
deformation and Earth’s spin rate were larger than today, which calls for further 
investigation of tidally driven dynamos.

Box 1 | Basics of dynamo action

A dynamo converts mechanical energy into electromagnetic energy and produces a 
self-​excited magnetic field8,189,190. The induction equation governs the evolution of the 
magnetic field B given the velocity field u of an electrically conducting but neutral fluid:

B u B B( )
1

, (11)t
2

μ
∇ ∇
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with μ the magnetic permeability and σ the electrical conductivity. Equation (11) 	
shows that the rate of change of the magnetic field results from the induction term 	
(first term on the right-​hand side), which involves the fluid motion and is responsible 	
for the production of magnetic field, and the magnetic diffusion (second term on the 
right-​hand side) related to ohmic dissipation. When induction is much larger than 
magnetic diffusion, a runaway growth of the magnetic field is possible. Comparing the 
orders of magnitude of these two terms yields the dimensionless magnetic Reynolds 
number:
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UL

Rm , (12)μσ
η
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with L the system length scale, U the typical fluid velocity, and η = 1/μσ the magnetic 
diffusivity. A necessary condition to self-​generate a magnetic field is Rm ≫ 1. With U 	
the maximum fluid velocity, the search for an optimal dynamo suggests Rm > 44 in the 
sphere191. Another condition is that the velocity field is sufficiently complex and its 
topology adequate. For example, a solid-​body rotation or strictly two-​dimensional 
flows are incapable of dynamo action192. In contrast, helical flows are prone to dynamo 
action9,191.
Such a dynamo process is different from the magnetic field produced by the motion 	

of charged matter for which the field is simply proportional to the velocity and charge. 
In the case of a dynamo process, motions of a neutral fluid can lead to spontaneous 
generation of electric currents and magnetic field.

Geomagnetic secular 
variation
Time variations of the magnetic 
field of the Earth with periods 
ranging from one year to 
hundreds of years.

Alfvén waves
In a conducting liquid or 
plasma, oscillations of the  
fluid and magnetic field that 
propagate together along 
magnetic field lines. Discovered 
by H. Alfvén in 1942, they 
earned him a Nobel Prize  
in 1970.
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dynamo record from 4.2 Gyr ago has been proposed58 but 
this finding remains controversial59. The geodynamo has 
evolved on multiple timescales (Fig. 2). Over the past few 
millennia, the dipole strength varied between 0.7 and  
1.4 times its present-​day value (Fig. 2a). The Earth’s mag-
netic field has frequently reversed its polarity (Fig. 2b,c). 
The frequency of reversals is highly variable on timescales 
of a hundred million years54,60. During the past few mil-
lion years, the field reversed four times per million years, 
but further in the past, there were periods of several mil-
lion years with no reversal (Fig. 2c). Thanks to the increase 
in quality and number of palaeointensity measurements,  

it is now possible to search for long-​term trends in the 
palaeointensity signal over the past 3 Gyr (refs61–63) 
(Fig. 2d). Palaeomagnetic data show that the geodynamo 
produced a strong, seemingly dipole-​dominated field, 
with a moment of 5 ± 2 × 1022 A m2 during more than 75% 
of the Earth’s history61,62,64,65.

Driving mechanisms
In this section, the possible driving mechanisms for the 
geodynamo are introduced. Their ability to produce a 
field resembling the present-​day geomagnetic field are 
assessed in the light of numerical simulations.

a The geodynamo

b Inner-core growth c Exsolution d Precession e Tides

Magnetic field lines 

Outer core

Flow

Inner core

Mantle

Heat loss Heavy fluid sinks

Fluid spin axis

Fluid
motion

Earth
spin
axis

Light fluid rises

Fig. 1 | the Earth’s dynamo requires turbulent motion of liquid iron in Earth’s core. a | The three-​layer structure of 
Earth’s interior. The rocky mantle overlies a metallic core. The core, which is essentially made of iron, is divided into a liquid 
outer core and a solid inner core. The flow of liquid metal sustains dynamo action. The magnetic field lines (red to yellow 
lines) and the velocity field strength (blue to yellow) are taken from a direct numerical simulation of the dynamo driven  
by turbulent convection11. b–e | Candidate mechanisms that may drive the geodynamo in the outer core. b | Convection 
driven by core cooling and inner-​core growth. The heat Qcmb leaving the core leads to the solidification of the inner core, 
releasing light elements at the base of the outer core. At the outer edge of the core, cooling releases a cool, denser fluid 
that sinks into the deeper core. c | Convection driven by the exsolution of light oxides such as MgO or SiO2. The iron-​rich 
liquid released at the top of the core sinks into the core. d | Precession makes the fluid rotate along an axis (blue) that is 
different from the mantle rotation axis (red); a secondary circulation (teal arrows) is induced by the non-​spherical shape.  
e | Tides induce a deformation that rotates around the liquid core over approximately one day, inducing a recirculation.
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Fig. 2 | the Earth’s dynamo operates on a broad range of timescales. a | Evolution of the geomagnetic axial dipole  
(the g1

0 Gauss coefficient) according to four reconstructions: SHADIF14k180, GGF100k181, GMAG.9k182 and pfm9k1b183, with the 
standard deviation uncertainty given for the latter two. The axial dipole coefficient is given in μT. b | Fluctuation of the signed 
relative palaeointensity of the magnetic field according to the SINT-2000 model184, with its uncertainty, and the PADM2M 
model185. To normalize, the average virtual axial dipole moment mref = 7.46 × 1022 A m2 since the last reversal is used. c | Geo
magnetic polarity186, showing the variability of reversal frequency. Intervals of normal (present-​day) polarity are shown in 
teal. d | Virtual dipole moment from the PINT database61, normalized by mref = 7.46 × 1022 A m2. The coordinates of a symbol are 
the median value of the age interval and the median value of the dipole moment of the dataset selected for the time interval 
of interest. The horizontal bar spans the corresponding time interval, and the vertical bar covers the values found in the 
dataset. Historical geomagnetism and palaeomagnetism provide key constraints on the operation of the geodynamo.
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Cooling and inner-​core growth
The Earth is cooling down. At present, a heat flow of 
46 ± 3 TW escapes at the solid Earth’s surface66, while 
about 18 TW is produced by the disintegration of radio
elements within the mantle and crust67,68 and less than 
2 TW by radioelements within the core27.

The cooling of the Earth is the mechanism thought 
most likely to be driving the present-​day geodynamo52,69–71. 
As the core slowly cools down, the solid inner core grows, 
releasing latent heat and light elements72 at the inner-​core 
boundary (Fig. 1b). The light fluid rises to the CMB, 
thereby generating vigorous plumes in the outer core73 
(Fig. 1a). Meanwhile, as heat leaves the core, colder fluid 
forms at the CMB and sinks downwards (Fig. 1b).

The Earth’s rotation strongly influences these con-
vective motions, which take the form of swirling col-
umns aligned with the rotation axis74–78 (Fig. 1a). These 
swirling flows are prone to dynamo action9 (Box 1). The 
dipolar geomagnetic field, and its close alignment with 
the rotation axis, are well explained by these columnar 
motions79 (Fig. 1a).

The first self-​consistent numerical dynamo driven by 
convection was obtained in 1995 (reFS80,81). Simulations 
could soon account for several features of the observed 
geomagnetic field10,82 (Fig. 3a), including its dipolar 
dominance, patches of enhanced magnetic field at high 

latitudes (Fig. 3b and c) and polarity reversals (table in 
Box 2). With the increase in computing power, a large 
number of simulations could be run. Parametric explo-
ration led to the derivation of scaling laws that relate 
the power from convection to the magnetic and flow 
intensity83,84. These laws predict a magnetic field inten-
sity of about 1 mT inside the core, in line with the esti-
mates from geomagnetic observations (see section ‘From 
the Age of Sail to the present day’).

In turbulent geodynamo simulations11,12,15, the inten-
sity of the magnetic field inside the core is about ten times 
stronger than at the CMB, as inferred for the Earth51. 
The hierarchy of dominant forces is now the same  
as in the Earth’s core12,15,85. Simulations also produce 
fast waves interacting with the slower convective 
motions14,15,86. Thanks to results from these simulations, 
abrupt changes in the surface field (termed geomagnetic 
jerks) are now interpreted as the arrival of waves that are 
excited by convective plumes in the core14,15. Convective 
dynamos generate a time-​evolving field that explains 
most of the observed secular variations (table in Box 2).

The exsolution of light elements
In addition to iron and nickel, the outer core contains 
lighter elements, including Si, O, S, H or Mg72. The par-
titioning of some light elements in iron increases with 

a Earth (IGRF-13,2020) b Coupled Earth convection

c Turbulent convection d Precession
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mT

0.2 0.4 0.6 0.8 1.0 –1.0 –0.8 –0.6 –0.4 –0.2 0.0
mT
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Non-dimensional × 10–4
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Fig. 3 | the morphology of the Earth’s magnetic field is best reproduced by convection-driven dynamos. Snapshots 
of the radial component of the magnetic field at the core surface (Mollweide projection). Only the largest scales (spherical 
harmonic degree ℓ 13< ) that are resolved for the Earth’s core are shown. a | The Earth’s magnetic field in 2020, according 
to the International Geomagnetic Reference Field (IGRF-13) model46. b | Coupled Earth direct dynamo model12,187 
(Ek = 3 × 10−5, Rm = 930, Pm = 2.5; see Box 2 for definitions), rescaled using dynamo scaling laws187. c | Direct numerical 
simulation11 (Ek = 10−7, Rm = 514, Pm = 0.1), rescaled so that the average axial dipole moment matches mref

184 (see Fig. 2).  
d | Low-​viscosity turbulent precession dynamo105, aligned on the fluid rotation axis (Ek = 10−5, Rm ≈ 1,900, Pm = 0.3).

Nature Reviews | Earth & Environment

R e v i e w s



0123456789();: 

temperature30,87–89. The Earth’s core experienced high 
temperatures exceeding 5,000 K during its formation, 
when large impacts brought new metal and silicates to 
the growing planet90,91. After each collision, the newly 
brought metal sank into the mantle, where it incorpo-
rated light elements, and then merged with the Earth’s 
core30,72. Subsequently, over geological time, the core 
cooled down. For each light element with a given ini-
tial concentration, there is a critical temperature below 
which exsolution starts29–31. As light elements exsolve, 
they leave behind an iron-​rich liquid that sinks into the 
deeper core. These convective motions can contribute 
to the geodynamo not only today but also in the distant 
past, prior to the growth of the inner core29–31 (Fig. 1c).

Which light elements exsolve from the core is still 
debated. Some high-​pressure experiments and molecu-
lar dynamics simulations suggest that magnesium oxides 
(MgO) would be the first exsolved species30,31,92,93, while 
others favour silicon oxides (SiO2)89,94. One study95 found 
that the liquid Fe–Si–O system separates into immiscible 
liquid alloys as the core cools down, instead of exsolv-
ing SiO2, but the robustness of these results has been 
questioned92.

Of paramount importance is the depth at which exso-
lution starts. If it were at the bottom, a dense iron-​rich 
liquid would accumulate there, generating a stable strat-
ification but no convection. Several studies88,93 find that 
the exsolution of MgO starts at the top of the core, and 

hence can drive convection. For SiO2, the uncertainties 
on the solubility curve are still too large to determine the 
depth at which its exsolution starts89.

The exsolution of light elements at the top of the 
core could drive the geodynamo through convection. 
Thus, the results from dynamo simulations driven by 
thermo-​chemical convection (section ‘Cooling and 
inner-​core growth’) to some extent apply to exsolution. 
In a dynamo simulation, exsolution can be modelled 
by volumetric buoyancy sources that are balanced by a 
buoyancy flux at the CMB. However, only a few96–98 have 
investigated this configuration, which is also appropriate 
for thermal convection driven by the slow cooling of the 
core prior to the growth of an inner core.

Precession and tides
Precession and tides can also trigger flow motions and 
dynamo action. Precession, a slow variation of the orien
tation of the Earth’s rotation axis (Fig. 1d), forces the fluid  
core to rotate along a different axis than that of the 
mantle99–101. At present, precession induces a diurnal dif-
ferential motion of about 60 m at the CMB and a velocity 
up ≈ 4 mm s−1. Because the core is not perfectly spheri-
cal, precession also triggers a weak secondary flow102 of 
amplitude up fp, where fp ≈ 1/400 is the CMB ellipticity103. 
At present, tides produce a diurnal CMB deformation 
of ellipticity ft ≈ 10−7 moving around the core at speed 
ut = 250 m s−1 (Fig. 1e). These flows do not produce 

Box 2 | hard-​to-​reach dynamos

Multiple timescales control the Earth’s 
dynamo. The ordering of these timescales 
controls the regime in which the dynamo 
operates. When evaluated at the largest 
length scale, typical timescales range from 	
a day for the rotational time to 105 years for 
magnetic diffusion.
The most relevant timescales are the rota-

tion time tΩ = 1 day, the time t D B/ 3B = ≈ρμ  
years of the hydromagnetic waves called 
Alfvén waves, the fluid overturn time 
tU ≈ 300 years, the magnetic diffusion time 
t D / 102 5η= ≈η  years, and the viscous diffu-
sion time νν = ≈t D / 102 11 years, where D is 
the outer core thickness, ρ the outer core 
density and ν the kinematic viscosity. 
Numerical simulations cannot cover such a 
range, but relevant regimes are reached when 
the ordering of these timescales is preserved.
Dimensionless numbers evaluate the 

ratios between these times. These numbers 
are important to isolate the dominant physical processes. They are also 
necessary to properly compare numerical simulations, analogue 
experiments and the Earth’s dynamo (Supplementary Fig. 1).
The magnetic Reynolds number introduced in Box 1, Rm = tη/tU, measures 

the importance of magnetic field production to magnetic diffusion.
The Ekman number, Ek = tΩ/tν, expresses the relative importance of 

viscous stress to the Coriolis force.
The Rossby number, Ro = tΩ/tU, quantifies the relative magnitude of 

inertial forces against the Coriolis force.
The magnetic Prandtl number, Pm = tη/tν, is the ratio of kinematic viscosity 

ν to magnetic diffusivity η.
The Reynolds number ν= = =Re t t Rm Pm Ro Ek/ / /U  measures the degree 

of turbulence, that is, the importance of inertial to viscous forces.

Estimates of these numbers for the Earth’s core are Rm ≈ 103, 	
Ek ≈ 10−15, Ro ≈ 10−6, Pm ≈ 10−6 and Re ≈ 109. The values of Ro and Ek 	
reflect the importance of planetary rotation on the dynamics. 	
That of Pm is thought to be responsible for the scale separation 	
between the large-​scale magnetic field and the small-​scale, turbulent 
velocity field.
The best way to assess whether a simulation is in the Earth’s 	

dynamo regime is to check that it does reproduce observed features 	
of the Earth’s magnetic field. The table lists the current ability 	
(marked with a ✓), or inability, (marked with a ⨯), of convection-	
driven simulations, precession-driven simulations, and analogue 
experiments to account for selected properties of the Earth’s 	
dynamo.

Feature Convecting laminar/
turbulent simulationsa

Precessing laminar/
turbulent simulationsa

turbulent dynamo 
experiments

Dipole-​dominated fieldb ✓/✓ ✓/⨯ ✓
Surface morphologyc ✓/✓ ⨯/⨯ ?

Fast dynamicsd ⨯/✓ ? ?

Slow dynamicsd ✓/✓ ? ?

Reversalse ✓/? ⨯/⨯ ✓
Strong-​fieldf ✓/✓ ✓/⨯ ⨯
Scale separationg ⨯/✓ ⨯/⨯ ✓
The Earth-​like features found in dynamo simulations and experiments. aThe simulations are separated into two 
classes, laminar and turbulent, which correspond to a ratio of inertial to viscous forces smaller or larger than 
1,000, respectively. bDipole-​dominated refers to a dynamo field whose main component is dipolar. cSurface 
morphology refers to the large-​scale morphology of the geomagnetic field at the core surface, which is well 
known down to a scale of 1,500 km. dFast dynamics refers to the presence of waves operating on the magnetic 
timescale tB, which is substantially lower than the advective timescale tU characterizing the slow dynamics of 
core flow. eReversals refers to the capacity for the field to reverse its polarity in an irregular fashion over 
geological timescales. fStrong-​field refers to a dynamo operating with a magnetic energy larger by several 
orders of magnitude than the kinetic energy. gScale separation implies that the flow energy spectrum peaks 
at a scale much smaller than the dominant magnetic scale. For further details see refs15,105,193.
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magnetic fields by themselves41,104 (Box 1). Nevertheless, 
instabilities near the boundary or in the bulk core can 
lead to turbulent flows and dynamo action40,43,105.

Simulations of dynamos driven by precession40,43,105 
or tides106 have yet to provide scaling laws for the inten-
sity of the magnetic field. Furthermore, the magnetic 
field is always weak and small-​scale43,105,106 (Fig. 3d), and 
hence is very different from the dipolar geomagnetic 
field (Fig. 3a). In ellipsoids, simulations of large-​scale 
magnetic fields were initially reported107, but their 
validity was subsequently questioned108. At present, it 
is not known whether orbital forcings are able to pro-
duce a large-​scale, dipolar magnetic field with an ampli-
tude compatible with that of the geomagnetic field. 
Lowering viscosity in future simulations might answer 
this question.

Although low viscosity is hard to reach in simula-
tions, it is a feature of laboratory experiments that use 
liquid sodium109–112 (Supplementary Fig. 1). No experi-
mental dynamos driven by precession or tides have yet 
been published. However, all eyes are on the DRESDYN 
dynamo experiment, which is currently being built and 
will be driven by precession113.

Sustaining a convective geodynamo
Palaeomagnetic observations indicate an active geody-
namo during the past 3.4 Gyr. In this section, the ener-
getics of the core are used to assess whether convection 
can power such a long-​lived dynamo.

Thermal conductivity
Mantle convection sets the heat flow that escapes from 
the core52,66. A substantial portion of this heat is trans-
ported by thermal conduction in the core and does not 
participate in core convection. The higher the con-
ducted heat flow, the lower the power available for the 
geodynamo.

The conducted heat flow, often called isentropic heat 
flow, at the CMB is:

Q k T
r

A= − ∂
∂

, (1)is

where the temperature gradient is:

T
r

gT
C

∂
∂

= − (2)
P

α

in an isentropic, well mixed core114, k is the thermal con-
ductivity, A is the area of the CMB, α is the coefficient of 
thermal expansion, CP is the specific heat capacity and g 
is the acceleration due to gravity at the CMB.

The isentropic heat flow is therefore proportional to 
the thermal conductivity k, whose range of published 
values has broadened since the early 2010s23–25,115. Direct 
experimental measurements suggest low values18–20 
of k between 20 and 46 W m−1 K−1, in line with older 
estimates21,22, while other studies find larger values of k  
(refs23–26,116) between 90 and 250 W m−1 K−1. This scat-
ter is partly due to the relation between electrical and 
thermal conductivity, which remains to be clarified at 
high pressure and temperature117. Adding light elements 

in the core lowers the thermal conductivity20, further 
increasing its uncertainty.

Here, the impact of two end-​member values on 
the geodynamo are examined: a high-​conductivity 

≃k 100 W m−1 K−1, which results in a conducted heat flow 
Q 15is ≃  TW, and a low-​conductivity k 40≃  W m−1 K−1, 
which results in Q 6is ≃  TW.

Convection can power the current geodynamo. In the 
Earth’s core, the magnetic field generates electric cur-
rents, which dissipate energy by ohmic heating. Theory, 
numerical models and experiments suggest that the 
power lost today by ohmic dissipation is of the order of 
1 TW (refs9,118,119). The driving mechanism of the geody-
namo must therefore supply enough power to balance 
this ohmic dissipation.

From the energy and entropy budgets of the core, 
one can estimate the power originating from con-
vection27,28,120–123. As shown in this section, a high-​ 
conductivity value does not prevent a convective 
dynamo at the present day. Regardless of the exact value 
of the thermal conductivity, the outer core still solidi-
fies into an inner core, driving convection and dynamo 
action.

At the CMB, thermal convection is possible when 
the core heat flow Qcmb exceeds the conducted heat flow 
Qis. The mass anomaly flux that drives convection at this 
boundary is120,121

α .F
C

Q Q= ( − ) (3)o
p

cmb is

At the base of the outer core, the slow solidification 
of the inner core drives convection with a mass anomaly 
flux120,121

F r r ρ
αρL
C

= 4π Δ + , (4)i i
2

i
P











̇

where ρ is the mean density of the outer core, Δρ is the 
density deficit due to the release of light elements, ri is 
the inner-​core radius and L is the latent heat released  
by the freezing of the inner core. Equation (4) assumes an 
isentropic heat flow through the inner-​core boundary120. 
The two terms in equation (4) describe the flux of light 
elements due to inner-​core growth and the flux of latent 
heat. Both are proportional to the inner-​core growth rate ri.̇  
The growth rate can be estimated from the energy bal-
ance of the core. After the onset of inner-​core growth, 
this balance reads124

̇Q r P r Q= ( ) + , (5)cmb i i r

where the function P gathers the contributions from 
latent heat release at the inner-​core boundary, gravita-
tional energy release, and cooling of the core, which are 
all functions of ri (ref.124), and Qr is the radiogenic heat 
production term. The heat flow through the CMB, Qcmb, 
must be balanced by those contributions internal to the 
core. At the present day, assuming Qr = 0, the growth rate 
is r 600±250i ̇ ≃  km Gyr−1 (ref.27) and Fi is in the range 
1 × 105 to 3 × 105 kg s−1. Differences in the function P 

Mass anomaly flux
Thermal or chemical mass 
anomaly that passes through  
a surface area per unit of time 
(in kg s–1).
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between studies propagate as an uncertainty of 30% on 
the age of the inner core.

The convective power Φconv available for the dynamo 
is approximated by120,121

Φ F ψ ψ F ψ ψ= ( − ) + ( − ) , (6)conv i i o o

where ψi and ψo are the gravitational potential at 
the inner-​core boundary and the CMB, and ψ  is the 
mass-​averaged gravitational potential in the outer 
core120. Equation (6) shows that the convective power 
originates from taking mass anomalies at the gravita-
tional potential of the inner or outer boundary, and 
redistributing it throughout the outer core at the mean 
gravitational potential.

Equations (3)–(6) contain several approxima-
tions120,121, including the assumption of a well mixed 
core. The errors associated with these approximations 

are comparable to the error of the Boussinesq approx-
imation, which is 10−15%. More precise expres-
sions27,28,125–127 lead to conclusions similar to those drawn 
below.

The inner-​core growth rate ̇ri, and consequently the 
convective forcing Fi at the inner-​core boundary, do 
not depend on the thermal conductivity (equations (5) 
and (4)). When the inner core is growing, the convec-
tive power Φconv (equation (6)) therefore remains large 
regardless of the value of k. Even with a high thermal 
conductivity k > 100 W m−1 K−1, the convective power is 
larger than 1 TW at present (dotted lines at time 0 Gyr in 
Fig. 4a,b). With a core heat flow Qcmb =10 TW, the avail-
able convective power is 1.5 TW with k = 100 W m−1 K−1 
and 2.5 TW with k = 40 W m−1 K−1 (time 0 Gyr in 
Fig.  4b). The power rises to 3–4 TW when assum-
ing a large heat flow of 15 TW escaping from the core  
(time 0 Gyr in Fig. 4a).

a Current core heat flow = 15 TW b Current core heat flow = 10 TW

c Current core heat flow = 15 TW d Current core heat flow = 10 TW
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Fig. 4 | Convection can power the geodynamo in the distant past when thermal conductivity is lower than 
100 W m−1 K−1. a | Convective power (teal) and inner-​core radius (orange, as percentage of its present-​day value) 
generated by convection as a function of time. The shaded teal band delineates the range of admissible convective power 
for the geodynamo. A reduced model121 was computed using three different thermal conductivities k = 40 W m−1 K−1 
(dashed), 70 W m−1 K−1 (plain) and 100 W m−1 K−1 (dotted) corresponding to present-​day conducted heat flows27 Qis ≃ 6 TW, 
10 TW and 15 TW, respectively. The assumed present-​day core heat flow is Qcmb = 15 TW. b | Same as a with Qcmb = 10 TW.  
c | Magnetic Reynolds number Rm (Box 1 and Box 2) generated by convection as a function of time for the same models  
as in a (Qcmb = 15 TW). Dynamo action is expected only for Rm ≥ 100 (shaded teal band). d | Same as c with Qcmb = 10 TW.  
The core heat flow Qcmb is arbitrarily assumed to increase at 2.9 TW Gyr−1, which is close to the lowest estimates from 
models that couple the thermal evolution of the core and mantle127. To compute the past evolution of the conducted heat 
flow Qis(t) equations (1) and (2) and the evolution of core temperature from the energy budget of the core120,121 are used. 
Rm = UD/η is deduced from dynamo scaling law12,135, where U Dp2 4 9Ω≃ /  is the convective velocity, V/( )p Dconv

3 2ΩΦ ρ=   
is the dimensionless convective power84, Ω is the time-​varying rotation rate of the Earth158, V  is the outer core volume and 
D is the evolving thickness of the outer core. The electric conductivity is assumed to depend on the thermal conductivity 
through the Wiedemann–Franz law. Convection provides enough power and kinetic energy to power the geodynamo 
over geological times.
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The new core paradox
Trouble comes prior to the onset of inner-​core growth. At 
the present day, the contribution Fi (equation (4)) from the 
solidification of the inner core represents more than 70% 
of the mass anomaly flux that drives convection. Before  
the nucleation of the inner core, the major power contrib-
utor to the current geodynamo was therefore missing. The 
only power source that remained was thermal convection 
due to the slow cooling of the core. The core heat flow 
must then exceed the conducted heat flow to drive convec-
tion, as shown by equations (3) and (6). However, the core 
heat flow is in the range 6–17 TW (refs128–132), whereas the 
conducted heat flow is larger than 15 TW when the ther-
mal conductivity is larger than 100 W m−1 K−1 (refs27,28).  
The heat budget of the core is hence very tight when 
k > 100 W m−1 K−1. This serious problem was termed  
the new core paradox17 because it was presented after the 
Higgins–Kennedy core paradox, which was raised and 
solved in the 1970s133,134. The growth of the inner core 
probably started less than 1 Gyr ago27,28,125,132. The new  
core paradox therefore affects more than 2.4 Gyr, hence 
70% of the observed history of the Earth’s magnetic field.

The convective power Φconv must necessarily be pos-
itive to sustain a convective dynamo. More stringent 
requirements are obtained from palaeointensity measure-
ments61 (Fig. 2d) combined with scaling laws from dynamo 
simulations84 (details in Supplementary Note 1). These 
require the ohmic dissipation, and hence the convective 
power Φconv, to be in the range 0.1–10 TW over the history 
of the Earth (shaded region in Fig. 4a,b). Another condi-
tion is that the convective velocity U must be large enough 
so that the magnetic Reynolds number Rm = UD/η 
(Box 1) exceeds about 100 (ref.83), where η is the magnetic  
diffusivity of the core and D the outer core thickness.

Prescribing the time-​evolution of the core heat flow 
Qcmb(t) and the radiogenic heating term Qr(t), one 
can integrate equations (3)–(6) backwards in time to 
estimate the convective power in the past. Here, it is 
assumed that Qcmb(t) increases linearly in the past, and 
that Qr = 0 at all times. With the evolution of the con-
vective power, dynamo scaling laws12,135 are used to esti-
mate the convective velocity U, and hence the magnetic 
Reynolds number Rm. Figure 4 shows the convective 
power and the magnetic Reynolds number from this 
evolutionary model.

Assuming a low thermal conductivity k = 40 W m−1 K−1,  
convection can easily provide a power larger than 
0.1 TW and a magnetic Reynolds number Rm > 100 
during the past 4 Gyr (dashed lines in Fig. 4).

In contrast, with a high conductivity of 100 W m−1 K−1, 
the convective power and Rm match the above con-
straints only when the present-​day core heat flow 
Qcmb ≳ 15 TW (dotted lines in Fig. 4). This value is close 
to the upper estimates of the present-​day Qcmb (refs130,136). 
A thermal conductivity larger than 100 W m−1 K−1 there-
fore precludes an ancient dynamo driven by thermal 
convection. These results prompt the study of auxiliary 
sources of power.

The exsolution boost
Exsolution of light elements can contribute to core con-
vection and the geodynamo88,89,137. When exsolution 

takes place near the CMB, exsolution releases a denser 
liquid with a mass anomaly flux31,89

F α M C
T

T
t

− d
d

d
d

, (7)ex c c
cmb≃

where α ρ C ρ= −(∂ /∂ )/c  is the chemical expansion coef-
ficient for a given light element, C is the concentration 
of this element in the liquid core measured by the total 
mass of the light element divided by the outer core mass 
Mc, and Tcmb is the CMB temperature. While the value 
of the chemical expansion coefficient αc is close to 1 for 
both MgO and SiO2 (refs89,137,138), the values of the exso-
lution rate dC/dT are debated. For MgO, high-​pressure 
experiments88,139 find rates of 0.2−0.6 × 10−5 K−1, whereas 
molecular dynamics simulations93 suggest rates ten times 
larger. For SiO2, experiments89 suggest a high exsolution 
rate of 4 × 10−5 K−1.

The exsolution rate of light elements in the core 
affects the power available for the dynamo, expressed as

Φ F F ψ ψ= ( + )( − ) (8)conv o ex o

before the birth of the inner core. Using the exsolu-
tion rates from experiments88,89,139, exsolution of MgO 
generates an added power of about 0.5 TW, while 
SiO2 exsolution yields an added power of about 3 TW 
(Supplementary Fig. 2). When it is coupled with thermal 
convection, exsolution substantially helps to drive the 
dynamo88,138.

However, to solve the new core paradox, exsolution 
must also loosen the restrictions on the thermal con-
ductivity. Thermal convection alone can drive a dynamo 
with no inner core only when the thermal conductivity 
k < 100 W m−1 K−1. With the help of MgO exsolution at a 
rate of 0.5 × 10−5 K−1, the conductivity range widens only 
moderately to k < 130 W m−1 K−1 (Supplementary Fig. 3a). 
MgO exsolution can drive a dynamo when the core is 
thermally stratified (Fo < 0 in equation (8)), but only for a 
narrow range of core heat flow139 (Supplementary Figs. 2 
and 3b). The heat budget of the core therefore remains 
tight when using the low exsolution rate proposed for 
MgO139,140.

In contrast, with the larger exsolution rate of 
4 × 10−5 K−1 proposed for SiO2 (ref.89), a thermal con-
ductivity of up to ≃k 350 W m−1 K−1 and a core heat flow 
as low as Qcmb = 5 TW are compatible with a long-​lived 
geodynamo (Supplementary Figs. 2, 3). Such a high  
exsolution rate would solve the new core paradox.

Coupling with the Earth’s mantle
The heat flow Qcmb escaping from the core enters the heat 
budget of the mantle, which reads141,142:

Q Q H C
T
t

= + −
d
d

, (9)surf cmb m m
m

where Qsurf is the heat flow at the Earth’s surface, Hm is 
the internal heat produced by radiogenic elements in the 
mantle, Cm is the heat capacity of the mantle, and Tm is its 
average temperature. The thermal evolution of the core 
is therefore coupled with that of the mantle126,127.
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At present, ≃Q 46surf  TW, while geochemical 
models67 imply that H 18m ≃  TW. The difference must be 
balanced by the mantle cooling and the heat Qcmb escap-
ing from the core in equation (9). For Qcmb < 10 TW, ther-
mal evolution models142 predict a cooling rate of more 
than 200 K Gyr−1, three times larger than estimated from 
petrological observations143,144, implying massive melting 
of the mantle as recently as 2 Gyr ago. This conundrum 
is known as the mantle thermal catastrophe.

The large Qcmb values needed to sustain the geody-
namo at ancient times therefore help in avoiding the 
mantle thermal catastrophe126,127.

However, a high core heat flow also implies a fast 
cooling rate of the core, and hence can lead to a core 
thermal catastrophe with a temperature exceeding 
5,500 K below the CMB 3 Gyr ago27. With such high core 
temperatures, the lower mantle was molten, forming a 
basal magma ocean145. This scenario of a hot early core 
and a basal magma ocean is acceptable as long as the 
upper mantle remains solid for the last 3.5 Gyr.

Some proposed that convection in the basal 
magma ocean could generate the magnetic field of the 
early Earth146–148. Using an electrical conductivity of 
2 × 104 S m−1 (ref.147) and the same dynamo scaling as in  
Fig. 4c,d, with a convective power of around 1 TW  
in a 300-​km-​thick ocean148, yields a magnetic Reynolds 
number Rm ≈ 12. Such a value of the magnetic 
Reynolds number is too small to drive dynamo action 
(Box 1). In addition, it remains uncertain whether the 
basal ocean convects or is chemically stratified149.

Sustaining a mechanical geodynamo
The new core paradox motivates the assessment of pre-
cession or tides as alternative driving mechanisms44,101,103. 
In this section, the orbital history of the Earth–Moon 
system is combined with the latest results on the flows 
driven by precession and tides to determine whether 
these mechanisms could have powered the ancient 
geodynamo.

An elusive power estimate
Precession and tides tap into the rotational and gravi-
tational energy reservoir stored into the spinning Earth 
and its orbiting Moon, of which 1029 J are left today101. 
In contrast with the convective case, the orbital power 
that is converted into turbulent flows and available to 
the dynamo is much harder to estimate.

Still, an upper bound can be obtained from orbital 
observations, which are the recession of the Moon and 
the increase in the Earth’s length of day. The total dis-
sipation of the Earth–Moon system Φorb varies from 
1 TW to 15 TW during the Earth’s history, with an aver-
age value of 2–3 TW (Supplementary Fig. 4). Current 
models assume that this power is dissipated in ocean 
tides through the history of the Earth150. Yet, a fraction 
of this dissipation could have occurred in the Earth’s 
core. Today, for a total tidal dissipation of 2.2 TW, about 
0.1 TW is dissipated in the core and mantle151. The frac-
tion dissipated in the core could have been larger in the 
past when the Moon was closer to the Earth.

The total dissipated power Φorb can be seen as an ana-
logue for the total heat flow out of the Earth, from which 

only a small fraction might contribute to the geodynamo. 
This upper bound is larger than the minimum power of 
0.1 TW needed to drive the ancient geodynamo (section 
‘The new core paradox’). Thus, the orbital history of the 
Earth–Moon system leaves room for an orbitally driven 
dynamo in the past, but not with an ample margin.

Whether the flow excited by precession or tides can 
convert part of this power into the geomagnetic field is 
an unsettled question. The power drawn by laminar34,35 
and turbulent105 flows due to the strong shear at the 
boundaries is at least two orders of magnitude too 
low to feed the ohmic dissipation of the geodynamo. 
These conclusions do not change when including the 
dissipation in the boundary layer near the inner core, or 
by considering a CMB topography <10 km (details in 
Supplementary Note 2).

Flow instabilities and turbulence in the bulk core could 
drain notably more power from the Earth’s orbital evolu-
tion, with a theoretical upper bound for the dissipation152 
of 109 TW. This value implies that the total energy of 
1029 J contained in the Earth–Moon system would be 
dissipated in a few years. This upper bound is therefore 
too large to be useful.

The above arguments demonstrate that turbulence 
in the bulk core is a necessary condition to sustain an 
orbitally driven geodynamo. In the following section, we 
examine whether turbulent bulk flows can be triggered 
by precession and tides in the Earth’s core and whether 
they are strong enough to produce a dynamo.

Turbulence in the bulk core
Bulk turbulence requires the laminar flow to be unstable, 
which happens when the strain rate is larger than the 
viscous damping rate, that is:

ξuf K> Ω , (10)ν

where ν is the kinematic viscosity, Ω is the Earth’s 
rotation rate, K > 2.62 is a damping coefficient36,153, 
ξ is a numerical prefactor (ξ < 9/16∼  for tides154, and 
ξ < 5 15 /32∼  for precession153). For precession, u = up is 
the differential velocity between the outer core and the 
mantle and f = fp is the polar ellipticity. For tides, u = ut 
is the speed of the tidal bulge at the CMB as it rotates 
around the core and f = ft is the diurnal tidal ellipticity.

While a convective geodynamo highly depends on 
the value of core thermal conductivity (section ‘The new 
core paradox’), criterion (10) shows that core viscosity 
is the key parameter for a dynamo driven by precession 
or tides. The present Earth’s core is marginally stable to 
bulk instabilities for both precession103,153,155 and tides156. 
Whether turbulent bulk flows can develop is therefore 
very sensitive to the value of core viscosity, estimates of 
which range from157 3 × 10−7 to 5 × 10−6 m2 s–1.

Using the most accepted scenario for the evolution of 
orbital parameters over time158,159 yields a past obliquity 
lower than the current 23.5° value (orange curve in 
Fig. 5a). With this scenario, precession meets condition 
(10) only for a low viscosity of ν ≈ 10−7 m2 s−1 and prior 
to 3 Gyr ago (Fig. 5a). Even in the high-​obliquity sce-
nario, a viscosity of ν ≈ 10−6 m2 s−1 is not low enough for 
instabilities to grow (Supplementary Fig. 5). Core-​filling 

Mantle thermal catastrophe
In thermal-​evolution models  
of the Earth, solutions in which 
the mantle becomes fully 
molten within the past 2 Gyr. 
These solutions are 
incompatible with petrological 
observations, and hence 
unacceptable.

Boundary layer
The fluid layer located in the 
vicinity of a bounding surface, 
where diffusive processes 
prevail.

Flow instabilities
In hydrodynamics, a simple 
fluid flow can become unstable 
when some quantitative 
condition is met, leading to 
more complexity, enhanced 
mixing and sometimes chaotic 
behaviour or turbulence.

Obliquity
The angle between the normal 
to the ecliptic plane and the 
axis of rotation of the Earth.  
Its present-​day value is 23.5°.
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turbulence driven by precession is therefore unlikely in 
the Earth’s core.

Because the Earth and Moon were closer in the past, 
the diurnal tidal ellipticity increases when going back 
in time (orange curve in Fig. 5b). With this evolution, 
tides can easily meet criterion (10). With a viscosity of 
10−6 m2 s−1 or 3 × 10−6 m2 s−1, tidal instabilities occur prior 
to 1.5 Gyr or 3 Gyr ago, respectively.

The growth of instabilities is not the only condi-
tion required to power a dynamo. In addition, the 
vigour of the bulk flow, as measured by the magnetic 
Reynolds number Rm, must be high enough (Box 1). 
Results obtained for tides, both experimentally160 and 
numerically161, suggest that inertial instabilities can 
sustain a turbulent flow of the order of uf. From this 
scaling for the vigour of bulk flows, and criterion (10) 
for their emergence, the evolution of orbital parame-
ters over time158,159 (detailed in Supplementary Note 2) 
allows us to estimate the magnetic Reynolds number 
Rm for precession-​driven and tidal flows (Fig. 5 and 
Supplementary Fig. 5). Bulk flows driven by precession 
yield Rm < 60 at all times (Fig. 5a), which is hardly enough 
for a dynamo. In contrast, Rm > 100 for the tidal flow in 
the core, reaching Rm ≈ 700 for the early Earth (Fig. 5b).

Thus, even in the unlikely event that precession trig-
gers bulk instabilities, the resulting flows are not strong 
enough to generate a magnetic field. In contrast, tides 
can excite strong flows filling the entire core. These 
could drive a dynamo, especially in the early stages of 
the Earth’s history.

Implications
The long-​term evolution of the geodynamo is inherently 
connected with the thermal history of the core and man-
tle, the evolution of stratified layers in the core and the 
observed palaeomagnetic field.

Thermal history of the core and mantle
With a high or moderate thermal conductivity, the cur-
rent core heat flow Qcmb must exceed about 10 TW to 
drive a convective geodynamo. Such a high core heat flow 
is compatible with global mantle convection models132 
and could avert the mantle thermal catastrophe126,127 
(equation (9)).

Only a few investigations couple the thermal evo-
lution of the core and mantle. They solve the energy 
budget for both layers simultaneously126,127,137. When  
the lower mantle is about five times more viscous than the  
upper mantle, these models produce a current CMB heat 
flow of about 13 TW, which reaches up to 40−80 TW 
in the distant past. These values allow for a long-​lived 
convective dynamo while avoiding the mantle thermal 
catastrophe126,127. A current CMB heat flow larger than  
13 TW implies that the inner core is less than 700 mil-
lion years old and that the lower mantle was molten 
before 2 ± 1 Gyr ago27,28.

It has been hypothesized that the core is cooling too 
slowly to power a convective dynamo44. This scenario 
relies on the early mantle being fully molten. A fully 
molten mantle would cool down the core in less than 
100 million years and hence would leave no heat to 
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drive the geodynamo by convection during the subse-
quent billion years162. However, it is plausible that only a 
fraction of the Earth’s mantle was molten during the last 
giant impact that formed the Earth91. With a partially 
solid, hence viscous, mantle above it, the core probably 
retained enough heat to power a convective dynamo.

Stratification in the early core
During the accretion of the Earth, giant impacts brought 
metal into contact with liquid silicates at very high tem-
perature, facilitating the dissolution of light elements 
into the core30,31,72,87,163. The metal added by each giant 
impact was enriched in light elements164 and hence 
formed stratified layers at the top of the core165. The mix-
ing during a giant impact was too small to destroy this 
stratification166,167. The early core was therefore probably 
stratified in composition over hundreds of kilometres, 
with a stratification strength, as measured by the buoy-
ancy frequency N, two to ten times the Earth’s rotation 
rate Ω (refs165–167).

Such a strong stratification would prevent the gener-
ation of magnetic fields by tides168. Similarly, convection 
would have a hard time overcoming this stratification 
unless the latter is localized at the top or bottom of  
the core.

Geodynamo simulations indicate that, at the present 
day, the stratified layer on top of the Earth’s core must 
be thinner than about 100–300 km, with a stratification 
not stronger than N ≈ Ω, to be compatible with geomag-
netic observations169–171. Some mechanism therefore 
must have destroyed or partially mixed the primordial 
stratification. Yet, numerical simulations167 suggest that 
thermal convection cannot erode more than 10 km 
of primordial stratification. Tidal flows or chemical 
convection due to the exsolution of light elements are  
possible mixing mechanisms that deserve further study.

Palaeomagnetic field
The driving mechanism of the geodynamo controls the  
strength and morphology of the palaeomagnetic 
field. Palaeomagnetic data hence provide clues about 
the dynamo mechanism and its evolution through 
time61,63,64,70. The nucleation of the inner core was a major 
transition for the dynamo mechanism. In the presence 
of a growing inner core, a light fluid is released at the 
inner-​core boundary and drives convection. This driv-
ing mechanism was missing prior to the growth of an 
inner core, irrespective of whether tides or convection 
drove the ancient dynamo. The nucleation of the inner 
core therefore coincided with a strong increase in the 
power available to the dynamo (Fig. 4a,b). Theory has 
long predicted that this increase in power left footprints 
in the palaeointensity record70,141. However, palaeointen-
sity does not vary substantially over the Earth’s history61 
(Fig. 2d). Dynamo simulations linked with thermal evo-
lution of the core allow us to investigate the signature of 
inner-​core growth on a convective geodynamo97,98. Such 
simulations suggest that the nucleation of the inner core 
caused an increase in magnetic field strength inside the 
core, but no resolvable change in the field intensity at 
the Earth’s surface97. This result reconciles the absence 
of long-​term trends in the palaeointensity record with 

theoretical predictions. It also suggests that long-​term 
palaeointensity trends are unlikely to constrain the age 
of the inner core.

Nevertheless, these evolutionary dynamo simu-
lations indicate that, during short time intervals, the 
magnetic field can be weak and multipolar prior to 
inner-​core growth97,98. A multipolar field could have 
caused short-​lasting palaeomagnetic anomalies. Such 
anomalies have been reported in the palaeomagnetic 
record172,173 approximately 375 million years ago and 
580 million years ago. Further palaeomagnetic inves-
tigations are needed to determine whether these  
anomalies could be a signature of the absence of an  
inner core.

A geodynamo driven by convection is therefore 
compatible with palaeomagnetic data. However, only a 
few dynamo simulations with no inner core have been 
published84,96,97. More simulations, especially in a turbu-
lent regime, are needed to better understand the ancient 
geodynamo and its palaeomagnetic signature.

Summary and future directions
Unlike mechanical dynamos, a geodynamo driven by 
thermo-​chemical convection accounts for most of the 
properties of the geomagnetic field (table in Box 2). 
Convection also produces enough power to generate 
a magnetic field over the last 3.4 Gyr, as inferred from 
palaeomagnetic data. Convection therefore remains the 
most likely driving mechanism for the geodynamo.

Yet, convective dynamo models almost all assume 
that composition and temperature have the same dif-
fusivity, while light elements released at the inner-​core 
boundary diffuse several orders of magnitude slower 
than temperature. The effect of double diffusion, when 
temperature and composition diffuse at different rates, 
on the geodynamo has been little studied174–178. Further 
examination of double diffusion could open new  
avenues for exploring the dynamics of the Earth’s core.

Whether the exsolution of light elements solves the 
new core paradox strongly depends on the value of  
the exsolution rate, which is debated88,89,93,139. More pre-
cise estimates of the exsolution rate from high-​pressure 
experiments and calculations are therefore needed.  
In addition, whether MgO88,139, or SiO2 (ref.89), or other 
components94,138 exsolve, and when their exsolution 
started, is a contested issue. It remains unknown whether 
the early core contained sufficient amounts of magne-
sium for the exsolution mechanism to start prior to 3 Gyr 
ago and power the early geodynamo94,138,179. Similarly, 
SiO2 might not start exsolving at temperatures larger 
than 4,000 K (ref.179), which are expected in the ancient 
core. Oxides are extracted from the core at a rate set by 
mantle convection138. This interaction with the mantle 
notably affects the nature of the exsolved species and the 
time at which exsolution starts138, and therefore deserves 
further investigation.

In the Earth’s core, precession requires an unlikely 
low viscosity to trigger bulk turbulence together with an 
unlikely high obliquity (Fig. 5a and Supplementary Fig. 5). 
Even under such favourable circumstances, the predicted 
flow velocity is hardly sufficient for magnetic induction 
to overcome ohmic dissipation (Fig. 5a). In addition, 
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the magnetic field obtained in precession-​driven dyna-
mos does not match the properties of the modern  
geomagnetic field (Fig. 3d and table in Box 2).

Unlike precession, tides can generate vigourous bulk 
flows in the early Earth. However, the flows and mag-
netic fields driven by tides are poorly known. Numerical 
simulations of tide-​driven dynamos are in their infancy 
in deformed spheres, with a single proof-​of-​concept 
kinematic dynamo106. A dynamo driven by tides in the 
past would require a substantial fraction of the power 
currently attributed to the oceans150 to be dissipated in 

the core. More research is therefore needed to assess 
whether tides can sustain the geodynamo, in particu-
lar how much power tidal flows in the core can actually 
draw, and which magnetic field geometry and strength 
is expected.

Code availability statement
The code for Figs 4 and 5 is available from https://doi.org/ 
10.6084/m9.figshare.16722346.
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Kinematic dynamo
A dynamo sustained by a 
prescribed velocity field, 
discarding any back-​reaction  
of the magnetic field on the 
flow. A kinematic dynamo 
leads to unbounded growth  
of the magnetic field.
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