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1. Introduction

The “new core paradox” (Olson, 2013) suggests that the persistence of the geomagnetic field over nearly all of 
Earth history (Bono et al., 2022; Fu et al., 2021; Tarduno et al., 2020) is in conflict with the core being highly 
thermally conductive (Pozzo et al., 2022; Williams, 2018), which makes convection and dynamo action in the 
core much harder prior to the nucleation of the inner core. Older theoretical estimates of the thermal conductivity 
of high pressure iron around 30–50 Wm −1K −1 (Stacey & Anderson, 2001; Stacey & Loper, 2007), and supported 
by some recent studies (Basu et al., 2020; Hsieh et al., 2020; Konôpková et al., 2016; Saha et al., 2020), are in 
accordance with the geodynamo being at least in part thermally driven by a modest core-mantle boundary (CMB) 
heat flow of 3–10 TW. On the otherhand, higher values of the core thermal conductivity of 70–200 Wm −1K −1 
have been found by many high pressure-temperature laboratory experiments and computations (de Koker 
et al., 2012; Gomi et al., 2013; Inoue et al., 2020; Li et al., 2021; Pozzo et al., 2012, 2022; Xu et al., 2018; Zhang 
et al., 2020, 2022). Such a high thermal conductivity implies that core convection driven by thermal cooling 
alone is less efficient, and that the modern-day geodynamo must rely heavily on the buoyancy provided by inner 
core growth. Given this conclusion, it becomes even harder to explain how the geodynamo was driven prior to 
inner core formation. Although the age of the inner core remains unknown, it is likely younger than the oldest 
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paleomagnetic evidence that supports the existence of a geodynamo going back 3–4 Ga (Bono et al., 2022; Fu 
et al., 2021; Tarduno et al., 2020), implying that the geodynamo was maintained by thermal convection prior to 
inner core nucleation in a highly conducting core.

In addition to the “new core paradox,” an (historically) older and more menacing paradox lingers in the mantle: 
the so-called “thermal catastrophe.” The “thermal catastrophe” is found by thermal history models that integrate 
the modern-day mantle and core states back in time, predicting impossibly hot temperatures only 2–3 Ga that 
are in direct conflict with several lines of evidence, including paleo-geothermal estimates of mantle temperature 
(Davies, 1980, 2009; Herzberg et al., 2010; Keller & Schoene, 2018; Korenaga, 2006). The thermal catastrophe, 
which is equally problematic for the thermal history of the core, is not new and has been debated for decades. 
Davies (1980) demonstrated that the thermal catastrophe can be avoided if the Urey ratio (fraction of surface heat 
flow coming from radiogenic heating) is about twice the geochemically preferred value of Ur ≈ 0.3. Thermal 
history models are very sensitive to the magnitude and decay time of radiogenic heating, the temperature sensitiv-
ity of the mantle's rheology, and the modern-day surface heat flow. Recently, Patočka et al. (2020) concluded that 
backwards thermal history models with no core radioactivity could avoid a catastrophe by assuming very cold 
initial potential mantle temperatures. Small changes to any of these parameters can mean the difference between 
cold and hot solutions at 4.5 Ga.

Christensen (1985) demonstrated that variable viscosity convection models with a weaker dependence of surface 
heat flow on temperature (Q ∼ T β, β = 0.1) than classic isoviscous theory (β = 1/3) can lead to reasonable thermal 
histories with realistic Urey ratios. This solution, of a low value of β, was later reinterpreted to be caused, for 
example, by the work required to bend thick subducting plates (Conrad & Hager, 1999), or to increased litho-
spheric thickness at high temperatures caused by extensive melting (Korenaga, 2006). Although recent models 
claim that plate bending does not dominate the dissipation (Gerardi et al., 2019), these issues remain somewhat 
unsettled.

In fact, problems with the core energy and entropy budgets predate the recent upward revisions to thermal 
conductivity. Obtaining a successful thermal evolution that does not invoke core radioactivity is problematic 
even when adopting the lower end of the thermal conductivity values (Driscoll & Bercovici, 2014; Gubbins 
et al., 2003, 2004; Nimmo et al., 2004). Proposed solutions include a colder core solidus, a shallower core adia-
bat, or a slower core cooling rate than expected (Nimmo et al., 2004). Additionally, the problem can be some-
what mitigated if the core is thermally convective beneath a stably stratified layer (Greenwood et al., 2021; 
Helffrich & Kaneshima, 2010; Labrosse, 2015), although dynamo simulations with imposed stratified layers 
favor models with relatively thin layers (Christensen, 2018; Gastine et al., 2020; Olson et al., 2017). Exsolu-
tion of a minor species from the core has the potential to drive compositional convection without inner core 
growth (Badro et al., 2018; Hirose et al., 2017; Mittal et al., 2020; O’Rourke & Stevenson, 2016). However, the 
core must cool relatively quickly for the exosolution-driven buoyancy to overcome any thermal stratification 
(Du et al., 2017, 2019) and the core may not contain enough lithophile elements to produce any exsolution 
(Chidester et al., 2022). Flows driven by precession are thought to be too weak to generate strong magnetic 
fields (Landeau  et al., 2022).

Although this paper focuses on demonstrating the new core paradox, it will become apparent that these two 
problems with the evolution of the Earth are intertwined. In fact, a milder formulation of the new core problem 
predates the recent experiments, as stated by Davies (2007): “In the present case, it has seemed to be not possible 
simultaneously to reconcile the energy requirements of the geodynamo, the evidence for a magnetic field through 
most of Earth's history, the present size of the inner core and geochemical and cosmochemical constraints on the 
potassium content of the Earth.” In other words, the thermal catastrophe is a major problem for the history of the 
core, and it is exaggerated by upward revisions to the core thermal conductivity.

In this paper we address these important issues by coupling together two existing thermal evolution codes, 
the whole-planet thermal evolution model from Driscoll and Bercovici (2014) with the core entropy evolution 
model from Davies (2015), to investigate how several important parameters influence the calculated thermal 
and magnetic evolutions. The parameters we explore are the core melting temperature, core thermal conduc-
tivity, core and mantle radiogenic heating rate, mantle viscosity, and initial core temperature. These are classic 
thermal evolution models in the sense that they do not include exotic mechanisms, like exsolution, stable 

 2
1

6
9

9
3

5
6

, 2
0

2
3

, 1
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://ag
u

p
u

b
s.o

n
lin

elib
rary

.w
iley

.co
m

/d
o

i/1
0

.1
0

2
9

/2
0

2
2

JB
0

2
5

3
5

5
 b

y
 <

S
h

ib
b

o
leth

>
-m

em
b

er@
leed

s.ac.u
k

, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [1
3

/0
1

/2
0

2
3

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d
-co

n
d

itio
n

s) o
n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o

m
m

o
n

s L
icen

se



Journal of Geophysical Research: Solid Earth

DRISCOLL AND DAVIES

10.1029/2022JB025355

3 of 17

layers, a basal magma ocean (BMO), or chemical interactions with the mantle. “Successful” models are those 
that achieve the seismically inferred present-day inner core radius of 1,221 km, and that predict an operative 
geodynamo prior to inner core nucleation and at the present-day. Our goal here is to investigate the severity of 
the new core paradox, identify if any parameter regimes can resolve the problem, and provide motivation for 
future avenues of research.

2. Model

To calculate the coupled energy-entropy evolution of Earth's core a thermal (energy) evolution of the mantle, 
based on the model from Driscoll and Bercovici (2014) (referred to as DB14), is coupled to the core entropy 
evolution model, from Davies (2015) (referred to as D15). DB14 solves the mantle energy balance,

𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑄𝑄𝑚𝑚𝑚𝑠𝑠𝑚𝑚𝑚𝑚 +𝑄𝑄𝑐𝑐𝑚𝑚𝑐𝑐 +𝑄𝑄sec𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (1)

where Qsurf is the mantle surface heat flow, Qm,rad is mantle radioactivity, Qcmb is CMB heat flow, and 
𝐴𝐴 𝐴𝐴sec,𝑚𝑚𝑚𝑚𝑚𝑚 = −𝑀𝑀𝑚𝑚𝑐𝑐𝑚𝑚�̇�𝑇𝑚𝑚 is the mantle secular cooling heat loss, where Mm, cm, and �̇�𝑇𝑚𝑚 are the mantle mass, specific 

heat, and rate of change of mantle temperature Tm. Qsurf and Qcmb are functions of mantle and core temperatures 
(see Appendix A and DB14 for details). Parameters of the mantle model that are the same for all models include 
the following: a mobile lid Nu-Ra scaling law to relate mantle temperature to surface heat flow with a boundary 
layer theory exponent of β = 1/3, a temperature-dependent upper mantle (UM) viscosity that is calibrated to give 
the measured present-day mantle heat flow of 39 TW for the present-day mantle potential temperature of 1630 K 
(see Table 3 in DB14 for details), and no eruptive mantle cooling.

The core model, the same as used in D15, solves the core energy Q and entropy E balances,

𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑄𝑄sec,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 +𝑄𝑄𝐿𝐿 +𝑄𝑄𝑔𝑔 +𝑄𝑄𝑐𝑐,𝑐𝑐𝑐𝑐𝑐𝑐 (2)

𝐸𝐸𝐽𝐽 + 𝐸𝐸𝑘𝑘 + 𝐸𝐸𝑎𝑎 = 𝐸𝐸sec,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝐸𝐸𝐿𝐿 + 𝐸𝐸𝑔𝑔 + 𝐸𝐸ℎ + 𝐸𝐸𝑐𝑐,𝑐𝑐𝑎𝑎𝑐𝑐 (3)

where subscripts are sec, core for secular cooling, L for latent heat, g for gravitational energy/entropy, rad, c for 
core radiogenic heating, and EJ is Ohmic dissipation, Ek is the entropy of thermal conduction, Ea is the entropy of 
molecular diffusion of minor species, and Eh is the entropy of reaction. Contributions due to pressure heating and 
pressure release upon freezing are considered to be negligible and are not considered. All entropy terms except 
EJ are written in terms of core thermodynamic properties and solved as the core cools (for details see D15). Our 
criteria to drive a dynamo is that there must be excess entropy available so that EJ > 0, otherwise the dynamo 
cannot operate. We note that EJ is an integration over the entire outer core, and we do not account for potential 
stratified layers within the outer core, which is not expected to change the results significantly (Greenwood 
et al., 2021).

The DB14 mantle energy and D15 core entropy models are coupled by an iterative procedure as follows:

1.  The CMB temperature Tcmb(t) and heat flow Qcmb(t) at a time t are determined by the DB14 model and input 
to the D15 model.

2.  The D15 model then computes the entropy balance in Equation 3, the inner core radius Ric(T), and core cool-
ing rate �̇�𝑇𝑐𝑐(𝑡𝑡) .

3.  The DB14 model then reads in these values and iterates to the next time step in the mantle and core, providing 
an updated value of Tcmb and Qcmb.

This iterative procedure continues until t = 4.5 Gyr.

With the coupled models we explore six important and uncertain control parameters:

1.  The CMB core thermal conductivity k,
2.  The modern day core radiogenic heat production rate Qc,rad (assumed to be  40K),
3.  The modern day mantle radiogenic heat production rate Qm,rad,
4.  The core iron alloy liquidus defined at the center of the Earth Tmelt,cen (or equivalently CMB liquidus temper-

ature Tmelt,cmb),
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5.  The initial CMB temperature Tcmb,0 (or equivalently initial average core temperature Tc,0),
6.  And the ratio of the lower mantle (LM) to UM viscosity fν = νLM/νUM.

Models are considered to be “successful” if they achieve the seismically inferred present-day inner core radius of 
1,221 km at the present-day, and that find a positive ohmic dissipation prior to inner core nucleation and at the 
present-day. In the next section we will demonstrate how each of these control parameters influences the thermal 
and magnetic evolution.

One caveat with this model is that it does not account for melting of the deep mantle, which is expected to occur 
in the cases with hot initial cores. The effect of a BMO on core cooling is unsettled, with some predicting an insu-
lating effect (Andrault et al., 2016; Labrosse et al., 2007; Laneuville et al., 2018; Monteux et al., 2016) and others 
predicting faster cooling (Agrusta et al., 2020; Labrosse et al., 2018). Adding the physics and composition of the 
BMO requires the addition of a number of poorly determined parameters. We prefer to keep a simpler model with 
fewer free parameters, while acknowledging that it is potentially important.

3. Results

3.1. “Classical” Solution

Before demonstrating the new core paradox, we first show an example of a thermal history solution with a 
classical low core thermal conductivity of k = 20 Wm −1K −1. With such a low conductivity it is fairly easy 

Figure 1. A “classical” thermal evolution model with a low core-mantle boundary (CMB) thermal conductivity of 
k = 20 Wm −1K −1, mantle viscosity ratio of fν = 70, central core melting temperature of Tmelt,cen = 5,800 K, initial core 
temperature of Tc,0 = 6,000 K (Tcmb,0 = 4,570 K), and zero core radioactivity Qc,rad = 0 TW. (a) Heat flows at the surface, at 
the CMB, at the CMB minus core adiabat (i.e., core convective), at the inner core boundary, and mantle and core radioactive 
heating. The inner core nucleates at 875 Ma. Inner core radius RIC (red) is shown on right y-axis. (b) Entropy evolution of the 
same model.
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to produce solutions where the dynamo is alive for 4.5 Gyr (Figure 1). To ensure that the modern day inner 
core radius is achieved the other free model parameters are adjusted to a mantle viscosity ratio of fν = 70, 
iron alloy melting temperature at the center of the Earth of Tmelt,cen = 5,800 K, initial core temperature of 
Tc,0 = 6,000 K (Tcmb,0 = 4,570 K), and no core radioactivity Qc,rad = 0 TW. Although this solution is not 
unique in producing the correct RIC, it demonstrates how a low k value can produce a solution that maintains 
the dynamo over all of Earth history. However, this classical solution is not satisfactory because most recent 
experiments indicate the core thermal conductivity is likely 3–4 times larger than 20  Wm −1K −1 (Pozzo 
et al., 2022).

3.2. Demonstrating the New Core Paradox

Next, we demonstrate the new core paradox (Figure 2) by increasing the thermal conductivity at the CMB 
to k = 70 Wm −1K −1, which is consistent with recent estimates (Pozzo et al., 2022), while keeping all other 
parameters the same as the classical solution in Figure 1. In this “failed” thermal history solution the inner 
core size is the same as the classical solution (Figure 2a) because the core thermal conductivity does not 
influence the cooling rate under our assumption of the outer core being well-mixed. In reality the core cool-
ing rate could depend on the core thermal conductivity if it is thermally stratified, but this is not expected 
to be a significant effect (Greenwood et al., 2021). In this case EJ, and hence the dynamo, are subcritical 
from 0.4 to 3.9 Gyr (Figure 2). Over that period the core cooling and inner core growth rates are insuffi-

Figure 2. A thermal evolution model that demonstrates the new core paradox with a realistic core-mantle boundary (CMB) 
thermal conductivity of k = 70 Wm −1K −1 and other parameters the same as Figure 1. (a) Heat flows at the surface, at the 
CMB, at the CMB minus core adiabat (i.e., core convective), at the inner core boundary, and mantle and core radioactive 
heating. The inner core nucleates at 875 Ma. Inner core radius RIC (red) is shown on right y-axis. (b) Entropy evolution of the 
same model. Shaded region denotes period when EJ < 0 and there is no dynamo.
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cient to overcome thermal conduction so the core is stably stratified, and no dynamo can operate. Shortly 
after inner core nucleation, however, compositional entropy production is sufficient to bring the dynamo 
back. The reason this model also “fails” is that there are many paleomagnetic observations during the 
0.4–3.9 Gyr period that indicate the geodynamo was alive and well (Biggin et al., 2020; Bono et al., 2022; 
Fu et al., 2021; Tarduno et al., 2020; Tauxe & Yamazaki, 2015).

3.3. Parameter Sweeps

Next, we systematically explore how six important control parameters (fν, k, Qc,rad, Qm,rad, Tmelt,cen, and Tcmb,0) 
influence the thermal history. Parameter sweeps are performed over the following parameter values (see Table 1): 
21 values of mantle viscosity ratio fν over the range 1–100, 20 values of thermal conductivity at the top of 
the core k over the range 10–200 Wm −1K −1, 21 values of present-day core radioactivity 𝐴𝐴 𝐴𝐴∗

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
 over the range 

0–5  TW, 17 values of central core melting temperature Tmelt,cen over the range 5,400–6,200  K (equivalent to 
Tmelt,ICB = 5,100–5,900 K), and 11 values of initial CMB temperatures Tcmb,0 over the range 4,570–6,400 K (corre-
sponding to initial average core temperatures Tc,0 over the range 6,000–8,000 K). The nominal values of these 
control parameters are (Table 1): k = 70 Wm −1K −1, Qc,rad = 0 TW, Qm,rad = 13 TW, Tmelt,cen = 5,800 K, and 
Tcmb,0 = 4,570 (Tc,0 = 6,000 K).

The range of values explored for each parameter is somewhat arbitrary, and in some cases we allow a wider range 
of values than is expected to gain a broader perspective on the thermal evolution problems. The viscosity increase 
across the mantle is uncertain, particularly in the lowermost mantle, with factors of 10–100 times increase of 
viscosity from the upper to LM proposed (Deng & Lee, 2017; Marquardt & Miyagi, 2015). We adopt a wide 
range of core thermal conductivities that reflects the values inferred by experiments and ab initio calculations 
(Hsieh et al., 2020; Konôpková et al., 2016), with the unknown composition of light elements in the core adding 
to the uncertainty. Heat produced by radiogenic decay in the core is typically inferred to be small compared 
to the CMB heat flow, mainly due to the lithophilic nature of the main radiogenic species in Earth (Blanchard 
et al., 2017; Bouhifd et al., 2007; Chidester et al., 2017; Corgne et al., 2007; Faure et al., 2020; Hirao et al., 2006; 
Watanabe et al., 2014; Xiong et al., 2018). However, some authors find a modest amount of radioactivity remains 
possible (Adeleke & Yao, 2020; Chidester et al., 2022; Wohlers & Wood, 2015). The core solidus at the inner 
core boundary (ICB) is uncertain, with estimates ranging from 5,000 to 7,000 K (Hirose et al., 2021). The initial 
temperature of the core is somewhat constrained by the partitioning of elements during core-mantle separation, 
implying equilibration temperatures at least 300–500 K above the silicate liquidus (Fischer et al., 2017), corre-
sponding to 4,800–5,000 K at the CMB, but could have been much hotter.

3.3.1. Influence of Core Thermal Conductivity

A parameter sweep of core thermal conductivity k and mantle viscosity ratio fν is shown in Figure 3, with all 
other parameters set to their nominal values (Table 1). The panels are contours of final inner core radius RIC 

Parameter Nominal value Nominal range Hot core solution

Core thermal conductivity, k (Wm −1K −1) 70 10–200 70

Mantle viscosity ratio, fν (n.d.) 70 1–100 5

Present-day core radiogenic heating rate, Qc,rad (TW) 0 0–5 0

Present-day mantle radiogenic heating rate, Qm,rad (TW) 13 12–30 13

Central core melting temperature, Tmelt,cen (K) 5,800 5,400–6,200 5,545

Initial CMB temperature, Tcmb,0 (K) 4,570 4,570–6,400 6,015

Note. The last column is the hot core solution shown in Figure 10. Note n.d. denotes non-dimensional. The nominal and range 
of central core melting temperatures (Tmelt,cen) above correspond to present-day inner core boundary melting temperatures 
(Tmelt,icb) of 5,500 K and 5,100–5,900 K, respectively. The nominal and range of initial core-mantle boundary temperatures 
(Tcmb,0) above correspond to initial average core temperatures (Tc,0) of 5,784–8100 K, respectively.

Table 1 

Nominal Parameter Values and Nominal Ranges Used in the Energy-Entropy Model Parameter Sweeps
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(Figure 3a), inner core age (Figure 3b), final ohmic dissipation EJ (Figure 3c), and ohmic dissipation at inner 
core nucleation (Figure 3d). Inner core radius and age does not depend on k (Figures 3a and 3b) because the core 
thermal conductivity does not effect the bulk core cooling rate in our model. Therefore, RIC = 1,221 km constrains 
mantle viscosity ratio to fν ≈ 70 in this parameter space (dashed line in Figure 3). Given that fν ≈ 70 for Qc,rad = 0, 
Figures 3c and 3d then imply that k ≲ 30 Wm −1K −1 to have a successful solution with EJ > 0 prior to inner core 
nucleation (ICN) and at present-day. These low k solutions are similar to the classical model in Figure 1, but are 
not satisfactory because k is likely larger than 30 Wm −1K −1, and they produce values of Qsurf that are several TW 
lower than the inferred present-day value of 39 TW (Jaupart et al., 2015).

3.3.2. Influence of Core Radioactivity

A parameter sweep of present-day core radioactive heat production Qc,rad (assumed to be produced entirely by 
the decay of  40K) and mantle viscosity ratio fν is shown in Figure 4, with all other parameters set to their nominal 
values (Table 1). The constraint that the final inner core radius be RIC = 1,221 km restricts fν and Qc,rad along a 
curve (dashed black in Figure 4). This curve is in the upper left of Figure 4 because the mantle viscosity must be 
relatively high (fν ∼ 70) when there is no core radioactivity (Qc,rad ∼ 0 TW) to prevent the core from cooling too 
fast and growing the IC too large. Conversely, the curve bends down to the lower right of Figure 4 because for 
high core radioactivity (Qc,rad ∼ 3 TW) the mantle viscosity must be relatively low (fν ∼ 5) to allow the core to 
cool enough to grow the IC to its present-day size. IC age is strongly correlated with RIC, meaning that IC age is 
constrained around 500–1,500 Ma (Figure 4b). In addition to the RIC constraint, finding a successful solution that 
maintains a dynamo both at present-day and prior to ICN requires that Qc,rad ≳ 2 TW and fν ≲ 10 (bottom right 
of Figures 4c and 4d).

Figure 3. A parameter sweep over core-mantle boundary thermal conductivity k and mantle viscosity ratio fν. Other control 
parameters are fixed to their nominal values: Qc,rad = 0 TW, Qm,rad = 13 TW, Tmelt,cen = 5,800 K, and Tcmb,0 = 4,570 K. 
Contours of final inner core radius RIC (a), age of inner core nucleation (b), core ohmic dissipation at the present-day 
EJ(4.5 Gyr) (c), and ohmic dissipation at inner core nucleation EJ(ICN) (d). In all contours Earth's present-day inner core 
radius RIC = 1,221 km is shown as a dashed black curve. Solid black lines denote inner core ages of 500 and 1,000 Ma in (b), 
and denote ohmic dissipation contours of 0 and −200 MW/K in (c) and (d).
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Contours of heat flows from the same models as in Figure 4 are shown in Figure 5. Figures 5a and 5b show that 
the mantle surface heat flow Qsurf and CMB heat flow increase with increasing Qc,rad and decreasing fν. Figures 5c 
and 5d show that the convective core heat flow (Qconv = Qcmb − Qk, where Qk is core conductive heat flow) is only 
positive prior to ICN and at present-day if Qc,rad ≳ 4 TW and fν ≲ 5, consistent with the results in Driscoll and 
Bercovici (2014). Although there are some minor differences between the successful solutions spaces computed 
by the entropy balance (Figures 4c and 4d) and the energy balance (Figures 5c and 5d), they generally agree that 
Qc,rad ≳ 2.5 TW and fν ≲ 5 to meet the constraints of present-day inner core size and continuous core convection 
with the other parameters set to their nominal values.

The present-day mantle surface heat flow, estimated to be Qsurf ≃ 38 TW (Jaupart et  al.,  2015), is produced 
by models with Qc,rad > 4 TW and fν < 5 (Figure 5a). This demonstrates that the combined mantle and core 
constraints can be satisfied over a common set of parameters (Qc,rad ≳ 3 TW and fν < 5), a conclusion also reached 
by previous studies (Driscoll & Bercovici, 2014; Patočka et al., 2020).

3.3.3. Influence of Mantle Radioactivity

The present-day radiogenic heating rate of Earth's mantle (excluding the continental crust) Qm,rad remains some-
what uncertain, with most estimates in the 10–20 TW range (Gando et al., 2011; Sammon & McDonough, 2022). 
Previous thermal evolution studies have demonstrated that large values of Qm,rad ≃ 20 TW can resolve the ther-
mal catastrophe of the mantle (Christensen,  1985; Davies,  2009; Driscoll & Bercovici,  2014), but geochem-
ical evidence implies lower values of Qm,rad ≃ 13 TW (Arevalo et al., 2009; Boyet & Carlson, 2006; Jaupart 
et al., 2015). Given its relatively large uncertainty, we adopt a plausible range of Qm,rad = 10–25 TW.

A parameter sweep of the present-day mantle radioactive heat production Qm,rad and mantle viscosity ratio fν is 
shown in Figure 6, with all other parameters set to their nominal values (Table 1). Figure 6 shows that mantle 

Figure 4. A parameter sweep of present-day core radioactivity Qc,rad and mantle viscosity ratio fν. Other control parameters 
are fixed to their nominal values: k = 70 Wm −1K −1, Qm,rad = 13 TW, Tmelt,cen = 5,800 K, and Tcmb,0 = 4,570 K. Contours of 
final inner core radius RIC (a), age of inner core nucleation (b), core ohmic dissipation at the present-day EJ(4.5 Gyr) (c), and 
ohmic dissipation at inner core nucleation EJ(ICN) (d). In all contours Earth's present-day inner core radius RIC = 1,221 km is 
shown as a dashed black curve.
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radioactivity has a weaker influence on RIC and the core cooling rate than core radioactivity (Figure 4). This is 
because at higher Qm,rad the mantle tends to remain hotter longer, which decreases the viscosity in the LM, leaving 
the core cooling rate largely unchanged. This implies that ohmic dissipation prior to ICN also does not depend 
strongly on Qm,rad, and solutions with the correct final RIC are firmly in the no-dynamo regime (Figure 6d). There-
fore, unlike increasing Qc,rad above its nominal value, increasing Qm,rad alone does not help resolve the new core 
paradox.

3.3.4. Influence of Core Melting Temperature

A parameter sweep of central core melting temperature Tmelt,cen and mantle viscosity ratio fν is shown in 
Figure 7, with all other parameters set to their nominal values (Table 1). The correct RIC can be achieved at 
low Tmelt,cen with a low value of fν that allows the core to cool fast, or a high Tmelt,cen with a high value of fν that 
reduces the core cooling rate (Figure 7a). IC age is again constrained between 500–1,500 Ma (Figure 7b), 
similar to Figure 4b. No successful dynamo solutions can be found in this parameter space as there are no 
regions where EJ > 0 prior to ICN and at present-day with the correct RIC (Figures 7c and 7d). However, 
Figure 7d shows a near-successful solution is found around fν = 10, Tmelt,cen = 5,400 K, where the dashed 
contour (corresponding to correct IC size) nearly intersects the solid black contour (corresponding to an 
active dynamo at ICN).

3.3.5. Influence of Initial Core Temperature

Finally, a parameter sweep of initial CMB temperature Tcmb,0 and mantle viscosity ratio fν is shown in Figure 8, 
with all other parameters set to their nominal values (Table 1). Increasing initial core temperature has a similar 
effect as increasing core radioactivity (Figure 4): hotter values of Tcmb,0 require lower values of fν to meet the RIC 
constraint (Figure 8a). Similar to Figure 4b, IC age is constrained between 500–1,500 Ma (Figure 8b), and a 

Figure 5. A parameter sweep over present-day core radioactivity Qc,rad and mantle viscosity ratio fν, similar to Figure 4. 
Other control parameters are fixed to their nominal values: k = 70 Wm −1K −1, Qm,rad = 13 TW, Tmelt,cen = 5,800 K, and 
Tcmb,0 = 4570 K. Contours of final mantle surface heat flow Qsurf (a), final core-mantle boundary heat flow QCMB (b), final 
core convective heat flux (Qconv = QCMB − Qcond) (c), and Qconv at inner core nucleation (d). In all contours Earth's present-day 
inner core radius RIC = 1,221 km is shown as a dashed black curve and heat flow equal to zero is marked by a solid black 
curve.
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successful solution can be found in this parameter space as the RIC = 1,221 km solutions (dashed line) do inter-
sect both of the active dynamo regions of EJ > 0 prior to ICN and at present-day for initial CMB temperatures 
of Tcmb,0 ≳ 5,400 K (Figures 8c and 8d). In this case, as Tcmb,0 increases solutions with RIC = 1,221 km cross the 
EJ(ICN) = 0 contour (Figure 8d) because hotter initial cores take longer to cool down, and maintain a relatively 
high Qcmb (and EJ) longer.

To investigate this potential solution further we repeat the parameter sweep from Figure 8 up to hotter initial core 
temperatures, Tcmb,0, and fix the central melting temperature to Tmelt,cen = 5,545 K, which is the value of Tmelt,cen 
that yielded the closest solutions in Figure 7d. Figure 9 shows that this combination of parameters does indeed 
produce a range of “successful” solutions for Tcmb,0 ≳ 5,400 K and fν < 5 where solutions with the correct IC 
size intersect the active dynamo region (EJ(ICN) = 0 contour), implying continuous dynamo action. This inter-
esting solution, which uses k = 70 Wm −1K −1, fν = 5, Tcmb,0 = 6015 K, Tmelt,cen = 5545 K (Tmelt,330GPa = 5250 K), 
Qc,rad = 0 TW, and Qm,rad = 13 TW, is isolated in Figure 10 as a time evolution. In this solution, EJ approaches 
zero around ICN at 627 Ma, and then recovers rather quickly due to gravitational entropy production associated 
with inner core solidification. This solution is “successful” in the sense that it keeps the dynamo alive, produces 
the correct final IC radius, and assumes zero core radioactivity, but it requires two rather unconventional temper-
atures: a hot initial CMB temperature of ∼6,000 K, and a low core melting temperature of ∼5,550 K at the center 
of the core. Nevertheless, this solution appears more plausible than the other options; namely those that assume 
significant core radioactivity (∼3 TW) or a very low core conductivity (∼20 Wm −1K −1). Invoking such a hot 
initial core has been suggested by previous studies (Labrosse, 2015; Nimmo, 2015), and is worthy of further 
investigation.

Figure 6. A parameter sweep over present-day mantle radioactivity Qrad,man and mantle viscosity ratio fν, similar to Figure 4. 
Other control parameters are fixed to their nominal values: k = 70 Wm −1K −1, Qc,rad = 0 TW, Tmelt,cen = 5,800 K, and 
Tcmb,0 = 4,570 K. Contours of final mantle surface heat flow Qsurf (a), final core-mantle boundary heat flow QCMB (b), final 
core convective heat flux (Qconv = QCMB − Qcond) (c), and Qconv at inner core nucleation (d). In all contours Earth's present-day 
inner core radius RIC = 1,221 km is shown as a dashed black curve and heat flow equal to zero is marked by a solid black 
curve.
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4. Discussion

The thermal and magnetic history of the Earth is of great interest to many disciplines, and has seen a renaissance 
in recent years owing to upward revisions to the thermal conductivity of high P-T iron. In this paper we have 
coupled parameterized energy and entropy evolution models to explore the influence of six important control 
parameters: mantle viscosity ratio (fν), core thermal conductivity (k), core radiogenic heat rate (Qc,rad), mantle 
radiogenic heating rate (Qm,rad), central core melting temperature (Tmelt,cen), and initial CMB temperature (Tcmb,0). 
A “successful” solution is one that produces the correct present-day inner core size is achieved and the dynamo 
is alive both prior to inner core nucleation and at the present-day, as is implied by the paleomagnetic record. An 
“unsuccessful” solution is one that produces either an incorrect present-day inner core radius, or no dynamo prior 
to inner core nucleation or at the present-day.

“Successful” solutions found with a low core thermal conductivity of 20  Wm −1K −1 are unsatisfactory given 
the increasing number of studies that indicate the thermal conductivity is larger, perhaps by a factor of three 
or four. The new core paradox (Olson, 2013) is demonstrated by increasing the core thermal conductivity to 
70 Wm −1K −1, which produces an unsuccessful solution where the dynamo is dead from 0.4 to 3.9 Gyr. Similarly, 
“successful” solutions that assume a high core radioactivity of 2.5 TW present-day (∼340 ppm potassium) are 
unsatisfactory given the expected lithophilic nature of the main radiogenic elements (Blanchard et  al.,  2017; 
Bouhifd et al., 2007; Chidester et al., 2017, 2022; Corgne et al., 2007; Hirao et al., 2006; Watanabe et al., 2014; 
Xiong et al., 2018). A possible way out of this problem is to bury a “hidden reservoir” of radiogenic species in the 
LM (Jackson et al., 2010; Labrosse et al., 2007; Lee et al., 2010; Tolstikhin & Hofmann, 2005) instead of the core, 
although this hypothesis is highly debated (Campbell & O’Neill, 2012; Carlson et al., 2014; Jackson et al., 2014).

Figure 7. Parameter sweep over central core melting temperature Tmelt,cen and mantle viscosity ratio fν. Other control 
parameters are fixed to their nominal values: k = 70 Wm −1K −1, Qc,rad = 0 TW, Qm,rad = 13 TW, and Tcmb,0 = 4,570 K. 
Contours of final inner core radius RIC (a), age of inner core nucleation (b), core ohmic dissipation at the present-
day EJ(4.5 Gyr) (c), and ohmic dissipation at inner core nucleation EJ(ICN) (d). In all contours Earth's present-day 
RIC = 1,221 km is shown as a dashed black curve. Solid black lines denote inner core ages of 500 and 1,000 Ma in (b), and 
denote ohmic dissipation contours of 0 MW/K in (c) and (d). For reference, the nominal value of D15 is Tmelt,cen = 5,800 K 
(corresponding to Tmelt,ICB = 5,500 K).
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Perhaps the most promising solution we have found that assumes zero core radioactivity (Qc,rad = 0 TW) and a 
reasonable thermal conductivity (k = 70 Wm −1K −1) is with a hot initial core temperature of Tcmb,0 ∼ 6,000 K, 
mantle viscosity ratio of fν = 5, and low central melting temperature of Tmelt,cen = 5550 K. In this particular model 
the inner core nucleates at ∼630 Ma, grows to the correct final inner core radius, and achieves an ohmic dissi-
pation rate at inner core nucleation that is very close to zero, implying the dynamo is marginal just prior inner 
core nucleation. A central melting temperature of 5,550 K corresponds to a melting temperature of ∼5,200 K at 
the ICB, which is colder than most estimates but is within the range of 5,120 ± 390 K of Sinmyo et al. (2019). 
An initial CMB temperature of 6,000  K is higher than most estimates from core formation models (Fischer 
et al., 2017; King & Olson, 2011; Rubie et al., 2015), but given the lack of direct constraints on the initial thermal 
state of the core such a scenario should not be ruled out and deserves further scrutiny. The thermal evolution 
models of Labrosse (2015) and Nimmo (2015) also found that the dynamo can be kept alive with hot initial CMB 
temperatures without the need for core radioactivity.

One implication of such a hot initial CMB temperature is that the base of the mantle would be above its soli-
dus, creating a BMO (Labrosse et al., 2007). The presence of a BMO could effect the rate of mantle and core 
cooling, possibly causing it to cool slower (Laneuville et al., 2018) or faster (Agrusta et al., 2020) depending 
on its composition and solidification style. Davies et al. (2020) finds that the presence of a long-lived BMO 
can modulate the CMB heat flow so that it is nearly constant, or even increasing over time, as the mantle 
cools. Davies and Greenwood (2021) coupled the mantle model of DB14 and the core model of Greenwood 
et al. (2021) to a modified version of the BMO model of Labrosse et al. (2007). In their successful solution 
(in the sense defined above), enhanced heat flow out of the BMO allowed magnetic field generation (EJ > 0) 
to begin around 4 Ga, while slow early cooling of the core due to latent heat release and radiogenic heating in 

Figure 8. Parameter sweep over initial core-mantle boundary (CMB) temperature Tcmb,0 and mantle viscosity ratio 
fν. Other control parameters are fixed to their nominal values: k = 70 Wm −1K −1, Qc,rad = 0 TW, Qm,rad = 13 TW, and 
Tmelt,cen = 5,800 K. Contours of final inner core radius RIC (a), age of inner core nucleation (b), core ohmic dissipation at 
the present-day EJ(4.5 Gyr) (c), and ohmic dissipation at inner core nucleation EJ(ICN) (d). In all contours Earth's present-
day RIC = 1,221 km is shown as a dashed black curve. Solid black lines denote inner core ages of 500 and 1,000 Ma in (b), 
and denote ohmic dissipation contours of 0 MW/K in (c) and (d). For reference, the nominal initial CMB temperature of 
Tcmb,0 = 4,570 K corresponds to an initial average core temperature of Tc,0 = 6,000 K.
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the BMO kept the core hot such that EJ stayed above zero after the BMO completely freezes around 2.5 Ga. 
This solution used default parameters for the ICB density jump of 0.8 g/cc in Davies et al. (2015). Davies and 
Greenwood (2021) did not conduct an exhaustive parameter survey, but found that this successful solution 
does not exist for k > 70 W/m/K, in the absence of a BMO, or using the original BMO model of Labrosse 
et al. (2007). Future work should include a BMO and the parameter values suggested by our successful solu-
tion, which may open up a wider range of core histories that evade the new core paradox without recourse to 
radiogenic heating or precipitation.

In contrast to invoking a hot initial core, some studies have invoked the exact opposite: a cold initial mantle 
potential temperature, lower than the present day temperature of 1,630  K (Korenaga,  2006; O’Rourke 
et al., 2017; Patočka et al., 2020). These models integrate backward-in-time starting from estimates of the 
present-day mantle temperature and surface heat flow. Patočka et al. (2020) pointed out that such models 
can only yield a monotonic temperature history for a very specific radiogenic heat rate. This sensitivity is 
due to the non-linear nature of the  thermal history equations, in particular the strong feedback between 
mantle viscosity and temperature. On the other hand, forward-in-time integrations are less sensitive to 
initial conditions but may not end with the expected final temperature and surface heat flow. Given the ∼6% 
uncertainties in the present-day mantle temperature and surface heat flow (Jaupart et al., 2015), relying on 
these estimates to constrain an internal heating rate and initial mantle temperature carries significant uncer-
tainties. Invoking an initially “cold” mantle conflicts with geochemical arguments that imply Earth's interior 
started “hot” following the Moon-forming giant impact (Carlson et al., 2014). Although, such a “cold” early 
state could still be plausible if the mantle cooled down rapidly to near present-day temperatures, and then 
heated back up due to radiogenic heat.

Figure 9. Parameter sweep over initial core-mantle boundary (CMB) temperature Tcmb,0 and mantle viscosity ratio fν with 
Tmelt,cen = 5,545 K (Tmelt,330GPa = 5,250 K). Other control parameters are fixed to their nominal values: k = 70 Wm −1K −1, 
Qc,rad = 0 TW, and Qm,rad = 13 TW. Contours of final inner core radius RIC (a), age of inner core nucleation (b), core ohmic 
dissipation at the present-day EJ(4.5 Gyr) (c), and ohmic dissipation at inner core nucleation EJ(ICN) (d). In all contours 
Earth's present-day RIC = 1,221 km is shown as a dashed black curve. Solid black lines denote inner core ages of 500 and 
1,000 Ma in (b), and denote ohmic dissipation contours of 0 MW/K in (c) and (d). For reference, the nominal initial CMB 
temperature of Tcmb,0 = 4,570 K corresponds to an initial average core temperature of Tc,0 = 6,000 K.
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Appendix A: Thermal Evolution Model Details

This appendix describes some details of the mantle thermal evolution model used above. The interested reader 
is referred to Driscoll and Bercovici (2014) for more detail. The mantle surface heat flow Qsurf is limited by heat 
conduction through the UM thermal boundary layer, which can be approximated by

𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝐴𝐴𝐴𝐴𝑈𝑈𝑈𝑈

Δ𝑇𝑇𝑈𝑈𝑈𝑈

𝛿𝛿𝑈𝑈𝑈𝑈

 (A1)

where ΔTUM = TUM − Tg is the temperature jump across the UM thermal boundary layer δUM, A is surface area, 
and kUM = 4.2 Wm −1K −1 is UM thermal conductivity. δUM is derived by assuming that the Rayleigh number of 
the boundary layer RaUM be equal to the critical Rayleigh number for thermal convection Rac ≈ 660. At the base 
of the thermal boundary layer,

𝑅𝑅𝑅𝑅𝑈𝑈𝑈𝑈 =
𝛼𝛼𝛼𝛼Δ𝑇𝑇𝑈𝑈𝑈𝑈𝛿𝛿3

𝑈𝑈𝑈𝑈

𝜅𝜅𝜅𝜅𝑈𝑈𝑈𝑈

 (A2)

where α = 3 × 10 −5 K −1 is thermal expansivity, g = 9.8 ms −2 is gravity, κ = 1 × 10 −6 m 2s −1 is thermal diffusivity, 
and νUM is boundary layer viscosity. Mantle viscosity is assumed to follow an Arrhenius law,

𝜈𝜈𝑚𝑚(𝑇𝑇 ) = 𝜈𝜈0exp

[

𝐴𝐴𝜈𝜈

𝑅𝑅𝑔𝑔𝑇𝑇𝑚𝑚

]

 (A3)

Figure 10. A “successful” thermal evolution model with k = 70 Wm −1K −1, fν = 5, Tcmb,0 = 6,015 K (Tc,0 = 7,900 K), 
Tmelt,cen = 5,545 K (Tmelt,330GPa = 5,250 K), Qc,rad = 0 TW, Qm,rad = 13 TW, which produces an inner core age of 627 Ma. (a) Heat 
flows at the surface, core-mantle boundary (CMB), CMB minus core adiabat (i.e., core convective), mantle and core radioactivity, 
and at the inner core boundary. Inner core radius RIC (red) is shown on right y-axis. (b) Entropy evolution of the same model.
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where ν0 = 7 × 10 7 m 2s −1 is a reference viscosity, Aν = 3 × 10 5 Jmol −1 is the activation energy, and Rg is the gas 
constant. The upper-mantle viscosity νUM is assumed to be smaller than νm by a factor of 10, and the ratio of LM 
to UM viscosity fν = νLM/νUM is varied over a wide range (1–100) in the models above. Combining Equations A2 
and A1 gives,

𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝐴𝐴𝐴𝐴𝑈𝑈𝑈𝑈

(

𝛼𝛼𝛼𝛼

𝑅𝑅𝑅𝑅𝑐𝑐𝜅𝜅𝜅𝜅𝑈𝑈𝑈𝑈

)1∕3

(𝜂𝜂𝑈𝑈𝑈𝑈Δ𝑇𝑇𝑚𝑚)
4∕3 (A4)

where the thermal boundary layer temperature jump ΔTUM has been replaced by ΔTUM  ≈  ηUMΔTm, where 
ηUM = exp(−(RUM − Rm)αg/cp) ≈ 0.7 is the adiabatic temperature decrease from the average mantle temperature 
to the bottom of the UM thermal boundary layer, and ΔTm = Tm − Tg.

Data Availability Statement

All data and plotting scripts are available at https://osf.io/jczhe/.
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