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A B S T R A C T

Heat transfer through convection in Mercury’s large core may be limited to a liquid layer between a solid inner 
core and a stably stratified outer liquid layer. Convection in the thin mantle may even have entirely stopped. 
Here, we consider the transition from convective to conductive heat transport in a coupled thermal evolution 
model of the mantle and core and assess implications for the generation of the magnetic field.

We argue that a conductive temperature profile best describes the temperature in regions of the core with a 
subadiabatic heat flux. Implementing an adiabat in these regions in a model of the evolution of the core, as is 
often done, implicitly assumes the existence of a mechanism that transports heat downward. Such a mechanism 
not only consumes power that could otherwise be available for sustaining dynamo action, but is also unlikely to 
be effective.

We show that a thermally convective layer deep in Mercury’s liquid core below a thermally stratified layer is 
more likely to persist until present if light elements depress the liquidus of the core by several hundred degree 
compared to iron. Substantial partitioning of light elements into the liquid core can drive strong compositional 
convection in the upper part of Mercury’s core, but this may not be in line with dynamo studies that are 
consistent with the observed magnetic field. Therefore, thermal evolution scenarios with light elements in the 
core that depress the core liquidus significantly but do not strongly fractionate into the core liquid are the most 
consistent with the present-day core dynamo.

Present-day dynamo action below a thermally stratified layer does not necessarily imply that the mantle is 
currently convective. If the mantle has a high concentration of radiogenic elements and a low viscosity, it must be 
convecting, but mantle convection can have ended before the present for a more viscous mantle with low 
concentration of radiogenic elements.

1. Introduction

Mercury has a weak and highly axisymmetric dipole magnetic field, 
which is offset to the north due to its high quadrupole-dipole ratio 
(Anderson et al., 2012; Thébault et al., 2018; Wardinski et al., 2019; 
Wardinski et al., 2021; Genova et al., 2021). Core convection in this 
slowly rotating planet (Mercury’s rotational period is 58 Earth days) is 
expected to produce a magnetic field dominated by small-scale struc
tures that vary rapidly with time and are stronger than the observed field 
(Christensen, 2006). This difference cannot be explained solely by the 
geometric decay of the magnetic field propagating from the core to an 
orbiting spacecraft. In our current understanding of Mercury’s weak and 
broad-scale magnetic field, dynamo action likely takes place deep in the 
liquid core whereas the upper part of the liquid core is a stably stratified 

layer that attenuates the small-scale rapidly-varying components of the 
magnetic field by the skin effect (Christensen, 2006). Additionally, zonal 
thermal winds are generated that convert part of the poloidal field to a 
toroidal field in the stably stratified layer by the ω-effect, thereby 
rendering the observable magnetic field strongly axisymmetric 
(Christensen and Wicht, 2008). Thermal evolution studies predict that 
the heat flux at the core-mantle boundary (CMB) dropped below the 
adiabatic heat flux before the present day and thermally stratified the 
outer part of the core (e.g. Stevenson et al., 1983; Knibbe and van 
Westrenen, 2018). The influence of compositional buoyancy, for 
example generated by light elements partitioning into the liquid core 
upon inner core solidification, on the dynamics and dynamo of the core 
is less understood. Manglik et al. (2010) and Takahashi et al. (2019)
performed core dynamo simulations of a core with compositional 
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convection and a thermally stratified upper layer. The simulations by 
Manglik et al. (2010) show the formation of plumes at the inner core 
boundary that are mainly driven compositionally but also thermally and 
can propagate into the thermally stratified layer. This contributes to the 
magnetic field and causes the simulated magnetic field to be stronger 
than the observed field. In the simulations of Takahashi et al. (2019) that 
reproduce the main characteristics of the observed magnetic field of 
Mercury, in particular the observed ratio of the dipole and quadrupole, 
the light elements released at the inner core boundary are not able to 
enter the thermally stable layer. As a consequence, the fluid core below 
the stable layer will become less dense and it is expected that this process 
will ultimately lead to an unstable situation with a light convecting layer 
below a heavier stable layer. In this paper, we aim at modelling the long- 
term evolution of Mercury in a consistent way, and we will assume that 
light elements enter the thermally stable layer and assume it occurs in 
the form of fingering convection (Guervilly, 2022). We nevertheless 
caution the reader that the effect of fingering convection on dynamo 
action is largely unknown and has not been investigated in simulations 
for realistic Mercury core models. Both of the simulation studies 
mentioned above show that the characteristics of Mercury’s magnetic 
field are very sensitive to the fluxes of heat and light elements through 
the liquid core.

The transport of heat and light elements in Mercury’s core is related 
to the long-term thermochemical evolution of the entire planet. In 
particular, the heat flux through the CMB needs to be sufficiently high to 
meet necessary conditions for dynamo action (e.g. Lister and Buffett, 
1995; Gubbins et al., 2004; Nimmo, 2007; Labrosse, 2015). According to 
Williams et al. (2007), a sufficiently high present-day CMB heat flux for 
dynamo action can only be achieved if Mercury’s mantle is convective at 
present day. However, Guerrero et al. (2021) suggest that the CMB heat 
flux increases when mantle convection ends due to the thermal relaxa
tion of conduction in the mantle. They then argue that dynamo gener
ation may be possible if the mantle is not convective. Additionally, the 
transport of light elements through the liquid core depends, among 
others, on the cooling rate of the core and on the solid/liquid parti
tioning behaviour of the light elements. The partitioning strongly de
pends on the composition of the core. For example, in iron-rich binaries 
sulfur (S) partitions almost exclusively into the liquid (e.g. Fei et al., 
1997, 2000), carbon (C) partitions at approximately a 3 to 1 ratio be
tween liquid and solid (Fei and Brosh, 2014), and Si partitions almost 
equally between liquid and solid (e.g. Morard et al., 2014).

This study aims to assess which thermal evolution scenarios of 
Mercury yield a buoyancy forcing in the core at present that is consistent 
with the observed magnetic field. Due to the large mass ratio of the 
metallic core over the silicate mantle, several aspects of thermal evo
lution modelling of both the mantle and core require specific attention. 
Firstly, unlike Earth’s mantle, convection in Mercury’s thin silicate 
mantle may have ended during its evolution (Schubert et al., 1979; 
Michel et al., 2013; Tosi et al., 2013a; Thiriet et al., 2019; Guerrero et al., 
2021) because convection is more difficult to maintain in a thin shell 
(Schubert et al., 2001). Many studies modelling parameterized thermal 
evolution limit their investigation to the time period when the mantle is 
convective (Schubert et al., 1979; Thiriet et al., 2019). In other such 
studies, when convection in the mantle ends, heat transport in the 
mantle switches instantaneously to conduction (Hauck et al., 2004; 
Grott et al., 2011; Tosi et al., 2013a), leading to a discontinuous CMB 
heat flux (see Hauck et al., 2004), which affects the evolution of the core. 
Some models limit their investigation to the time period when the 
mantle is convective (Schubert et al., 1979; Thiriet et al., 2019). Other 
models change the modelling of heat transport in the mantle instanta
neously from convective to conductive when convection ends (Hauck 
et al., 2004; Grott et al., 2011; Tosi et al., 2013a). This introduces a 
discontinuity in the CMB heat flux (see Hauck et al., 2004), which affects 
the evolution of the core, though in some studies the discontinuity is 
small (Tosi et al., 2013a). Unlike parameterised thermal evolution, nu
merical mantle convection simulations show a smooth transition to a 

conductive state (e.g. Guerrero et al., 2021). To our knowledge, para
meterised thermal evolution models of the mantle that smoothly tran
sition from a convective state to a conductive state are not available.

Secondly, thermal evolution models usually describe the tempera
ture profile of the core by an adiabat, based on the assumption that the 
heat flux through the core is superadiabatic and generates convection. It 
is usually not taken into account that heat transport can be subadiabatic 
in large regions of Mercury’s core (we refer to a region with subadiabatic 
heat flux as ‘thermally stratified’). Although it has not explicitly been 
mentioned in our previous thermal evolution studies (Knibbe and van 
Westrenen, 2018; Knibbe and Van Hoolst, 2021), which included a 
thermally stratified layer in the upper core, also the inner core is ther
mally stratified (see also Sec.[2.3]). Thermally stratified regions in a 
metallic core are not specific to Mercury – Earth’s inner core (Buffett, 
2012; Labrosse, 2014), possibly a thin upper layer in Earth’s outer liquid 
core (Labrosse et al., 1997; Buffet, 2014; Greenwood et al., 2021a), the 
Moon’s core (Konrad and Spohn, 1997), and the core of Mars 
(Greenwood et al., 2021b) are likely thermally stratified – but specific 
for Mercury is that its large core is the dominant energy reservoir of the 
planet. Therefore, the specifics of heat transport through the core can 
significantly affect the thermal evolution of the entire planet (Knibbe 
and Van Hoolst, 2021) and with it the geometry and strength of its 
magnetic field (Christensen, 2006; Christensen and Wicht, 2008).

The assumption of an adiabatic temperature profile in a thermally 
stratified region implies that conductive heat transport along the ther
mal gradient exceeds the gross radial flux of heat. Under this assump
tion, a mechanism must exist that transports heat downward to make up 
for the difference (Loper, 1978). The downward convective heat flux 
associated with compositional convection in a thermally stratified layer 
is such a mechanism. However, that downward heat transport is likely 
not sufficient to maintain an adiabatic temperature profile in Mercury’s 
core. First, compositional convection is absent in the thermally stratified 
inner core, unless the partitioning of light elements into the solid 
strongly decreases as the core cools (e.g. Gubbins et al., 2013; Labrosse, 
2014). Second, in fingering convection in a thermally stratified region of 
the liquid core, temperature is the rapidly diffusive stable component 
and composition the slowly diffusive unstable component (Manglik 
et al., 2010; Guervilly, 2022). Therefore, sinking and rising parcels of 
material rapidly thermally equilibrate with their surroundings by the 
more efficient conduction of heat (Stern, 1960). This leads to efficient 
upward convective transport of light elements and less efficient down
ward convective transport of heat. Particularly in metallic liquids such 
as in an iron-rich liquid core, the heat transport by fingering convection 
is expected to be inefficient because the Prandtl number (the ratio of 
momentum diffusivity to thermal diffusivity) of liquid metal is small 
(Schmitt, 1983; Kunze, 2003; Radko, 2013; Garaud, 2018, 2020). As a 
result, the mean temperature profile in the thermally stratified layer can 
to a very good approximation be described by the subadiabatic 
conductive temperature profile (see also Dumberry and Rivoldini, 
2015).

Downward heat transport from the outer liquid core into the ther
mally stratified inner core can also occur when energy generated by the 
dynamo process is dissipated ohmically in the inner core (Lister, 2003), 
but also this mechanism is thought to be inefficient (Labrosse, 2015).

The power that is available for sustaining a core dynamo originates 
from thermal and compositional buoyancy that drive convection in the 
core. Equations for estimating the available power for dynamo action 
from the power generated by buoyancy forces have been developed by 
assuming an adiabatic reference state and well-mixed light elements in 
the liquid core (Lister and Buffett, 1995; Lister, 2003; Gubbins et al., 
2004; Labrosse, 2015). In some studies, however, these methods are 
applied for estimating the available power for dynamo action even 
though regions of the core are thermally stratified and an adiabatic 
reference state for the core is not always appropriate for all of the sce
narios studied (Williams et al., 2007; Nimmo, 2007; Davies, 2015).

In this study, we develop a parameterised thermal evolution model 
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for Mercury’s mantle and core in which the mantle can transition 
smoothly from a convective state to a conductive state and we assess the 
influence of this transition on dynamo action in the core. We show that 
the use of an adiabatic temperature profile in thermally stratified re
gions can lead to an underestimation of the power available to drive the 
dynamo. We demonstrate that this can be avoided by implementing 
conductive heat transport in thermally stratified regions of the core 
irrespective of the mixing of light elements throughout the liquid core by 
fingering convection. Finally, we provide a set of thermal evolution 
scenarios to assess implications of Mercury’s present-day magnetic field 
for the structure and composition of Mercury’s core, the evolution and 
present-day dynamics of the mantle, and the temperature profile and 
thermal history of the planet.

2. Thermal evolution modelling

2.1. Methods

We separate the planet between a core and mantle, comprising 
distinct spherically symmetric layers in either conductive or convective 
state. We do not consider material exchange between mantle and core, 
nor do we consider long-term planetary contraction because its influ
ence on the generation of heat and magnetic field is small (Lapwood, 
1952; Gubbins et al., 2003). For these reasons, we assume that the 
planet’s radius (Rp) and the core radius (Rc) are constant. Because the 
temperature profile and heat fluxes vary over time, the boundaries be
tween conductive and convective layers in the mantle and core are also 
time dependent. Below, we develop a numerical scheme for the planet’s 
thermal evolution, which additionally solves the rate of variation of 
these boundaries using energy balance principles.

We assume that Mercury’s mantle is initially undergoing stagnant-lid 
convection (Breuer, 2011) and consists of a conductive lithosphere 
(volume Vlm) atop a convective mantle (volume Vcm) (Fig. 1). We write 
the temperature profile T(t, r) in the mantle as: 

T(t, r) =
{

Tlm(t, r), for Rl(t) ≤ r ≤ Rp
Tcm(t, r), for Rc ≤ r ≤ Rl(t)

(1) 

where Rl is the time-dependent boundary between the lithosphere with 
temperature profile Tlm and the convective region of the mantle with 
temperature profile Tcm, t is time, and r is the radial coordinate.

We only study thermal evolution scenarios in which the core solid
ifies from the planet’s center upward and thermal stratification initiates 
at the CMB. Correspondingly, we separate the core in a solid inner core 
(volume Vic), a thermally convective (adiabatic) liquid core layer (vol
ume Vac) and an outermost thermally stratified (conductive) liquid core 
layer (volume Vsc) (Fig. 1). We write the temperature profile of the core 
as: 

T(t, r) =

⎧
⎨

⎩

Tsc(t, r), for Rs(t) ≤ r ≤ Rc
Tac(t, r), for Ri(t) ≤ r ≤ Rs(t)
Tic(t, r), for 0 ≤ r ≤ Ri(t)

(2) 

where Rs is the time-dependent radial coordinate of the boundary be
tween Vac and Vsc, Ri is the time-dependent radius of the inner core, and 
Tsc, Tac, and Tic are the temperature profiles in Vsc, Vac, and Vic. We 
define the thermal energy of a layer of volume Vx with x ∈

{ic, ac, sc, cm, lm} by 

ℰx(t) =
∫

Vx(t)
ρcTx(t) dV, (3) 

where ρ is the density and c is the specific heat capacity at constant 
composition and pressure. For the sake of simplicity, we assume that ρ 
and c are constant in the core (ρ = ρc and c = cc) and mantle (ρ = ρm and 
c = cm).

We now consider how thermal energies of the different subvolumes 
of Mercury change with time. For a volume that moves with the flow and 
always contains the same mass-elements (a so-called material volume 
VM), we have the classical equation of conservation of energy, which we 
here express as 

dℰ(t)
dt

= −

∫

SM(t)
( q→⋅ n→)dS+

∫

VM(t)
ω dV, (4) 

where q→ is the heat flux vector, n→ is the outward pointing unit normal 
vector, ω is the total energy production in volume VM per unit of time 
and volume, and SM is the surface of VM. Energy production in the 
mantle and in the core are specified in Section 2.2 and Section 2.3, 
respectively. Since the boundaries Ri, Rs, and Rl are time-dependent, we 
do not have a closed system and consider energy conservation over an 
arbitrary volume. For such a control volume VC the Reynolds transport 
theorem states that 

d
dt

∫

VC(t)
ρcT dV =

∫

VC(t)

∂(ρcT)
∂t

dV +

∫

SC(t)
ρcT

(

v→C⋅ n→
)

dS, (5) 

where v→C is the velocity of the volume. For a material volume, Reynolds 
transport theorem gives 

d
dt

∫

VM(t)
ρcT dV =

∫

VM(t)

∂(ρcT)
∂t

dV +

∫

SM(t)
ρcT( v→⋅ n→)dS, (6) 

with v→ the flow velocity. By considering a time when VC(t) = VM(t), we 
have by Eq. (4)

d
dt

∫

VC(t)
ρcT dV = −

∫

SC(t)
( q→⋅ n→)dS+

∫

SC(t)
ρcT

((

v→C − v→
)

⋅ n→
)

dS

+

∫

VC(t)
ω dV.

(7) 

At the long timescales of planetary evolution, we can set v→ = 0.
The derivatives of ℰlm and ℰcm with respect to time are now obtained 

from Eq. (7) and using that Rl is the only time-variable boundary of the 
considered volumes in the mantle: 

Fig. 1. The modelled temperature profile consisting of the conductive solid 
inner core (Vic), adiabatic liquid core (Vac), thermally stratified conductive 
liquid core (Vsc), convective mantle (‘Conv. Mantle’, Vcm), and lithosphere 
(‘Lith’, Vlm). This specific temperature profile and interior structure of the 
planet is a snapshot at 2.5 billion years after the start of the evolution of the 
baseline scenario (scenario 1 of Table 2). At this point in time, Vcm is in tran
sition between convective and conductive state, and thermal boundary layers 
are distinguishable by the steep segments of the temperature profile in the 
upper and lower part of Vcm.
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dℰlm(t)
dt

= 4π
(

qlR2
l − qpR2

p

)
+Qlm(t) −

dRl(t)
dt

4πR2
l ρmcmTl(t), (8) 

and 

dℰcm(t)
dt

= 4π
(
qcR2

c − qlR2
l
)
+Qcm(t)+

dRl(t)
dt

4πR2
l ρmcmTl(t), (9) 

where Qlm and Qcm are internal heat sources defined as the volume in
tegrals of ω over Vlm and Vcm, qc, ql, and qp are heat fluxes at Rc, Rl, and 
Rp in radial direction, and Tl is the temperature at Rl. To integrate Eqs. 
(8) and (9) with respect to time (t→t+ dt), we need to determine dRl/dt 
(or equivalently Rl(t + dt)). To do so, we parameterise Tlm(t + dt, r) and 
Tcm(t + dt, r) as functions of free parameters Rl(t + dt) and Tl(t + dt), as 
we describe in Section 2.2. With this parameterisation, we obtain values 
for ℰlm(t + dt) and ℰcm(t + dt) using Eq. (3). By equating those to the 
values for ℰlm(t + dt) and ℰcm(t + dt) obtained from Eqs. (8) and (9), we 
solve for the free parameters Rl(t + dt) and Tl(t + dt). The so-obtained 
temperature profiles Tlm(t + dt, r) and Tcm(t + dt, r) are strictly consis
tent with the energy balance by construction. As boundary conditions 
for the temperature profile of the mantle, we use a fixed surface tem
perature (T

(
Rp, t

)
= Tp), assume continuity of temperature and heat flux 

at Rl, and use the CMB temperature (T(Rc) = Tc) which is obtained from 
the thermal state of the core. The parameterisation of the temperature 
profile, heat transport, and heat production in the mantle are described 
in Section 2.2.

For the evolution of the core with moving boundaries Ri and Rs, we 
proceed as for the mantle and obtain 

dℰic(t)
dt

= − 4πqiR2
i +Qic(t)+

dRi(t)
dt

4πR2
i ρcccTi(t), (10) 

dℰac(t)
dt

= 4π
(
qiR2

i − qsR2
s
)
+Qac(t)+

dRs(t)
dt

4πR2
s ρcccTs(t)

−
dRi(t)

dt
4πR2

i ρcccTi(t),
(11) 

and 

dℰsc(t)
dt

= 4π
(
qsR2

s − qcR2
c
)
+Qsc(t) −

dRs(t)
dt

4πR2
s ρcccTs(t), (12) 

where qi and qs are the heat fluxes at Ri and Rs, Qic, Qac and Qsc are the 
internal heat sources in Vic, Vac, and Vsc, and Ti and Ts are the temper
atures at Ri and Rs, respectively. To determine Ri(t + dt) and Rs(t + dt), 
we parameterise the temperature profiles Tic, Tac, and Tsc at t = t + dt as 
a function of four unknowns Ri(t + dt), Rs(t + dt), Ti(t + dt), and 
Ts(t + dt), as we describe in Section 2.3. We then solve for the four 
unknowns by equating values for ℰic(t + dt), ℰac(t + dt), and ℰsc(t + dt)
obtained by Eqs. (10− 12) to those obtained by Eq. (3) and use as a 
fourth equation that Ti equals a prescribed core liquidus profile Tlc: 

Tlc(Ri(t+dt) ) = Ti(t+dt). (13) 

As boundary conditions for Tic, Tac, and Tsc we use the heat flux qc at 
Rc that is set by the mantle, the absence of heat flux at the planet’s 
center, continuity of temperature and of heat flux at Rs, and continuity of 
temperature at Ri. The parameterisation of the temperature profile, heat 
transport and heat production in the core are described in Section 2.3.

2.2. Temperature profile and heat sources in Mercury’s mantle

In this section, we describe the parameterisation of Tcm, Tlm, heat 
transport, and heat sources in the mantle. For clarity, we omit the time 
dependence of variables in the equations that follow, which hold for 
variables at the same t, and list all constants in Tables 1 and 2.

Mantle convection simulations, experiments, and theory show that 
the temperature profile Tcm is steep in thermal boundary layers at the top 
and bottom of the convective volume and shallow in the vigorously 

convective region between the thermal boundary layers (e.g. Grasset 
and Parmentier, 1998; Davaille and Jaupart, 1993; Schubert et al., 
2001). Due to the cooling of the mantle, the increase of the temperature- 
dependent viscosity, and the decrease of the temperature differences 
across the mantle, convection weakens, thermal boundary layers grow, 
and the mantle’s temperature profile gradually converges to a conduc
tive profile (Thiriet et al., 2019). To model the transition from convec
tive to a conductive state in Vcm, we model Tcm as a superposition of a 
convective and conductive temperature profile 

Tcm(r) = λTcm,conv(r)+ (1 − λ)Tcm,cond(r), (14) 

where the parameter λ = 1 when thermal boundary layers are thin, λ 
decreases from 1 to 0 as thermal boundary layers become large, and λ =

0 when all heat transport through the mantle occurs by conduction. The 
heat fluxes at Rl and Rc are computed as ql/c = − km∇Tcm

(
Rl/c
)
, with km 

the thermal conductivity of the mantle. It follows that ql/c = λql/c,conv +

(1 − λ)ql/c,cond with ql/c,conv/cond = − km∇Tcm,cond/conv
(
Rl/c
)
. We see that 

Table 1 
Parameters used for thermal evolution scenarios. Parameter values subscripted 
by a are not used in Fig. 2, in which the CMB temperature evolves by Eq. (70) 
instead of by the core model of Section 2.3. The parameters subscripted by a are 
used in thermal evolution scenarios presented in Section 4. The solidus of the 

mantle by Namur et al. (2016b) is Tsol(P) = 1421K+ 177
K

GPa
P − 12.2

K
GPa2P2.

Parameter Symbol Unit value

Planet radius Rp km 2440
Surface temperature Tp K 440

Mantle density ρm kg⋅m− 3 3500, 3120a

Mantle heat capacity cm J⋅kg− 1⋅K− 1 1142
Mantle thermal conductivity km W⋅m− 1⋅K− 1 4
Mantle thermal expansivity αm K− 1 2.5⋅10− 5

Mantle’s gravity gm m⋅s− 2 3.7
Activation energy A J⋅mol− 1 3⋅105

Reference viscosity ηref Pa⋅s 1021

Reference Temperature Tref K 1600
Present-day 40K in mantle X40K ppm 400

Present-day 232Th in mantle X232Th ppb 50
Present-day 235U in mantle X235U ppb 0.2016
Present-day 238U in mantle X238U ppb 27.7984

Average lifetime of 40K τ40K Gyr 1.8
Average lifetime of 232Th τ232Th Gyr 20.2
Average lifetime of 235U τ235U Gyr 1.02
Average lifetime of 238U τ238U Gyr 6.45

Heating coefficient of 40K I40K W⋅kg− 1 3.247⋅10− 9

Heating coefficient of 232Th I232Th W⋅kg− 1 28.998⋅10− 6

Heating coefficient of 235U I235U W⋅kg− 1 576.5⋅10− 6

Heating coefficient of 238U I238U W⋅kg− 1 90.79⋅10− 6

Initial mantle temperature Tm(t = 0) K 1750
Initial lithosphere radius Rl(t = 0) km 2400, 2360a

Scaling parameter βb – 1
3

Scaling parameter βu – 2.1
Scaling parameter x1 – 0.53
Scaling parameter x2 – 2

Critical Rayleigh number Racrit – 450
Scaling parameter arh – 5.1

Core thermal conductivity kc W⋅m− 1⋅K− 1 45a

Core latent heat L kJ⋅kg− 1 300a

Present-day 40K in core X40K,c ppm 8a

Adiabatic parameter τ2 K⋅m− 2 − 2.8⋅10− 14
a

Adiabatic parameter τ3 K⋅m− 3 − 1.2⋅10− 20
a

Initial CMB temperature Tc(t = 0) K 2000, 2100a

Core radius Rc km 2010
Core density ρc kg⋅m− 3 7200

Core heat capacity cc J⋅kg− 1⋅K− 1 840
Compositional expansion coefficient βX – 0.9a

Compositional fractionation coefficient Ds
l – 0.9a

Liquidus parameter Tcl,1 K 1991a

Liquidus parameter Pcl,1 GPa 5.2a

Liquidus parameter Pcl,2 GPa 21.5a
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the modelled transport of heat through the mantle varies from the 
convective flux ql/c = ql/c,conv to the conductive flux ql/c = ql/c,cond as λ 
runs from 1 to 0. We first parameterise Tcm,conv and Tcm,cond and after
wards describe how we vary λ with time.

We parameterise Tcm,conv as done by Thiriet et al. (2019). 

Tcm,conv(r) =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

Tc +
Tm − Tc

δb
(r − Rc), for Rc ≤ r ≤ Rb

Tm, for Rb ≤ r ≤ Ru

Tm +
Tl − Tm

δu
(r − Ru), for Ru ≤ r ≤ Rl

, (15) 

where δb and δu are the thicknesses of thermal boundary layers at the 
bottom and at the top in Vcm, Rb = Rc + δb, and Ru = Rl − δu. Expressions 
for qc,conv and ql,conv as well as for the thermal energy associated to these 
temperature profiles are given in Appendix A.

The upper thermal boundary layer is much thicker than the lower 
thermal boundary layer as a result of its lower temperature and higher 
viscosity (Thiriet et al., 2019). For this reason, and because the heat 
fluxes through the thermal boundary layers are related to the thermal 
gradients in these boundary layers, the parameterisation of the thickness 
of and the temperature difference across the upper thermal boundary 
layer largely determines the efficiency of heat transport through Vcm. We 
parameterise the thermal boundary layers as is done in Thiriet et al. 

(2019), see Appendix A. In this model, δu depends on a parameter βu by 

δu = (Rl − Rc)

(
Racrit

Rau

)βu

, (16) 

where Racrit (described by Eq. (A.6)) and Rau (described by Eq. (A.3)) are 
the critical Rayleigh number and a Rayleigh number for the upper 
thermal boundary layer. The temperature difference across the upper 
thermal boundary layer depends on a parameter arh (Thiriet et al., 2019) 
by 

Tm − Tl =
arhℛT2

m
A

, (17) 

where ℛ is the ideal gas constant and A is an activation constant. Thiriet 
et al. (2019) found that they could reproduce the thermal evolution of 
numerical mantle convection simulations with their parameterised 
thermal evolution model by setting βu = 0.335 and arh = 2.54. Our 
thermal evolution model is different from that of Thiriet et al. (2019). 
For example, we determine the time-variation of Rl by enforcing a strict 
energy balance of Vlm and Vcm and integrate the corresponding tem
perature profiles of these volumes for this purpose, as is described in 
Section 2.1. Furthermore, in the lithosphere we adopt an analytical so
lution of the conduction equation which is described below. If we use 
identical values for βu and arh as Thiriet et al. (2019) in our thermal 
evolution model with also identical values for other model parameters, 

Table 2 
Characteristics of thermal evolution scenarios using parameters and initial conditions of Table 1. The first 5 rows denote initial conditions and parameter values of the 
thermal evolution scenarios. Time at which core solidification begins is denoted by tRi>0. Time at which the thermal boundary layers in the mantle touch (when λ = 0) 
is denoted by tλ=0. Time at which the modelled transition from mantle’s convective state to conductive state initiates (when λ < 1) is denoted by tλ<1. Time at which the 
partial melt zone in the mantle closes is denoted by t(T < Tsol) and time at which the mantle is everywhere cooler than Tsol + 75K is denoted by t(T < Tsol + 75K). Other 
rows gives variable values at present. Qi is the total conductive heat loss from the inner core. Heat release by radiogenic decay and secular cooling in the liquid core are 
denoted by QH and QS. Definitions of entropy production EL, Ei, EG,ac, EG,sc, EH and ES, and of the conductive entropy sink Ek, are given in Appendix D (note that EH is 
given in units of kW/K). Eac and Esc respectively denote entropy production in Vac and Vsc that is available for dissipation.

Variable Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 Scenario 7

Xc(wt%) 9 3.6 10 9 9 6 6
dTcl

dX 
(K/wt%)

50 150 50 50 50 50 50

Ds
l 0.9 0.9 0.5 0.9 0.9 0.9 0.9

η0 (Pa⋅s) 1021 1021 1021 1020 1022 1020 1022

γrad 0.2 0.2 0.2 2.0 0.4 2.0 1
tRi>0 (Gyr) 2.2 2.9 2.6 2.8 3.0 1.6 1.8
tλ=0 (Gyr) 3.7 3.6 3.6 – 2.9 – –
tλ<1 (Gyr) 1.6 1.6 1.6 – 0 – 1.8

t(T < Tsol) (Gyr) 1.2 1.2 1.2 3.5 2.3 3.8 3.3
t(T < Tsol + 75K (Gyr) 0.8 0.8 0.8 3.0 1.0 3.1 2.3

Tc(t = 4.5Gyr) (K) 1727 1690 1703 1771 1786 1812 1923
Tcenter(t = 4.5Gyr) (K) 2048 2019 2031 2099 2126 2141 2224

Ts(t = 4.5Gyr) (K) 1871 1846 1868 1930 1957 1945 2102
Ti(t = 4.5Gyr) (K) 1968 1973 1981 2046 2087 2013 2173

Ri(t = 4.5Gyr) (km) 1254 981 998 1039 896 1491 1117
Rs(t = 4.5Gyr) (km) 1561 1480 1444 1467 1424 1661 1365

qc(t = 4.5Gyr) (mW/m2) 12.9 12.2 12.4 11.7 12.3 15.4 11.2
Xoc(t = 4.5Gyr)(wt%) 9.25 3.64 10.67 9.13 9.08 6.32 6.11

Qc (GW) 654 618 629 594 624 781 570
QL (GW) 339 286 212 290 271 415 259
QG (GW) 12.6 5.4 57 13 13 7.6 7.3
Qi (GW) 112 51 56 62 39 217 64
QH (GW) 1.0 1.1 1.1 11 2.3 7.5 5.3
QS (GW) 189 273 302 218 299 134 235

EL (MW/K) 9.0 10.0 6.5 8.6 8.6 7.1 4.0
EG,ac (MW/K) 3.8 1.8 17.3 3.8 4.0 1.9 1.3
EG,sc (MW/K) 3.1 1.2 14.0 3.1 3.0 2.1 2.3
Ei (MW/K) 3.0 1.8 1.7 1.8 1.2 3.7 1.0
EH (kW/K) 3.8 6.2 4.8 47 11 17 7
ES (MW/K) 0.7 1.2 1.2 0.8 0.9 0.3 0.2
Ek (MW/K) 9.8 8.6 7.2 7.8 7.0 9.8 4.0
EΦ (MW/K) 9.6 7.6 33.8 10.3 10.8 5.4 4.8
ET (MW/K) 2.9 4.6 2.6 3.4 3.8 1.4 1.2
EX (MW/K) 6.7 3.0 31.3 6.9 7.0 4.0 3.6
Eac (MW/K) 6.6 6.4 19.9 7.2 7.8 3.3 2.5
Esc (MW/K) 3.1 1.2 14.0 3.1 3.0 2.1 2.3
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we obtain a lower qc and faster cooling rate of the mantle as compared 
that obtained by the parameterised thermal evolution model of Thiriet 
et al. (2019) (Fig. 2). We have therefore estimated the values of βu and 
arh for which our model best reproduces a mantle convection simulation. 
We have employed the Gaia mantle convection code in spherical 
annulus geometry setup (Hüttig et al., 2013; Fleuri et al., 2024) to 
simulate a thermal evolution scenario using planetary and material 
parameters identical to those used in Thiriet et al. (2019). The thermal 
evolution of average mantle temperature and CMB and surface heat flow 
(qc and qp) obtained by Gaia can be best reproduced with our model 
using parameter values βu = 0.21 and arh = 5.1 (Fig. 2 and B.9, see 
Appendix B for details). Reasons for obtaining different best-fit values 
for βu and arh as compared to Thiriet et al. (2019) are partly related to 
differences between the parameterised thermal evolution models and 
partly related to adopting spherical annulus geometry for our 2D mantle 
simulation whereas 3D spherical geometry has been used by Thiriet 
et al. (2019). Setting βu = 0.25 and arh = 4.0 with our thermal evolution 
model yields a best-fit to the 3D simulation of Thiriet et al. (2019). In 
this study, we set βu = 0.21 and arh = 5.1. The evolution of the tem
perature profile of the mantle obtained by our Gaia mantle convection 
simulation and our parameterised thermal evolution model are 
compared in Fig. B.9.

We parameterise Tcm,cond by the steady-flux solution of the conduc
tion equation for a spherical shell, in terms of three parameters (Lister 
and Buffett, 1998; Knibbe and van Westrenen, 2018): 

Tcm,cond(r) = −
Scm

6km
r2 +

Acm

r
+Bcm, (18) 

where Scm is the volume-averaged secular cooling of Vcm. This steady- 
flux solution is valid if heat fluxes at the boundaries of Vcm are con
stant over time and, consequently, the cooling rate is uniform and Scm is 
independent of radius. Knibbe and Van Hoolst (2021) showed that using 
this temperature profile for a conductive spherical shell in which the 

heat fluxes slowly evolve over time, and correspondingly the radial 
variation of secular cooling is small, leads to insignificant errors in the 
obtained thermal evolution compared to the solution of the unsteady 
conduction problem. Because heat fluxes slowly evolve over time, pa
rameters Scm, Acm, and Bcm are time dependent. Their values are deter
mined using the temperature boundary conditions Tl and Tc and by 
relating this temperature profile to the estimate for ℰcm which is ob
tained by using Eq. (3) on Tcm,conv. Expressions for Scm, Acm, and Bcm and 
for heat fluxes qc,cond and ql,cond are given in Appendix A.

Because the transition in the mantle from convective to conductive 
state proceeds gradually over time (Guerrero et al., 2021), we aim for a 
smooth temporal variation of λ. Various time-dependent parameter
isations for λ can describe the transition from convective to conductive 
state of the mantle. By trial and error we found that we can reproduce 
the evolution of the average mantle temperature and the heat fluxes qc 
and qp obtained by Gaia by describing λ by 

λ=

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

1, for x1(Rl − Rc)≤Ru − Rb

1
2
+

1
2
cos
(

π
[

1 −
(

Ru − Rb

x1(Rl − Rc)

)x2 ])

, for 0≤Ru − Rb ≤ x1(Rl − Rc)

0, for Ru − Rb ≤0
(19) 

Parameter x1 determines the value of (Ru − Rb)/(Rl − Rc) at the 
moment in time when λ transitions from 1 to a value below 1. From then 
on, the mantle begins its transition to a conductive state and the tem
perature profile in the convective region of the mantle (Tcm) is given by a 
combination of the piecewise linear temperature profile Tcm,conv and the 
conductive temperature profile Tcm,cond (see Eq. (14)). Parameter x1, 
thus, determines when the mantle begins its transition to a conductive 
state based on the relative thickness of the two thermal boundary layers 
combined. A small value of x1 of 0.2, for example, leads to a late 
beginning of the transition to a conductive state in which the para
meterised evolution diverges from the evolution obtained by Gaia from 

Fig. 2. Average mantle temperature (a), CMB heat flux (qc) (b), and surface heat flux (qp) (c). 2D thermal convection simulation (solid black), parameterised 
evolution models in green, blue and red. In blue and red scenarios, parameter values βu = 0.21, arh = 5.1 and x2 = 2 are adopted. In the blue scenario, parameter x1 

is set at 0.2, such that the transition in the mantle initiates when thermal boundary layers make up 80% of the convective region of the mantle, which occurs at about 
4.2 Gyr. Parameter x1 is set at 0.53 in the red scenario such that the transition from convective to conductive heat transfer of the mantle initiates when thermal 
boundary layers consume almost half of the convective region of the mantle, which occurs at about 2.3 Gyr. βu = 0.335 and arh = 2.54 from Thiriet et al. (2019) are 
adopted in the thermal evolution model plotted in green. This thermal evolution scenario is shown to compare our thermal evolution model to that of Thiriet et al. 
(2019) which runs for 2 Gyr using identical parameter values (data taken from Fig. S5 of their supplementary information) (dashed-dotted black line). For this reason, 
also the green thermal evolution scenario is stopped at 2 Gyr. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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about 2.3 Gyr onwards (Fig. 2). We set x1 to 0.53, which is the value of 
(Ru − Rb)/(Rl − Rc) of the thermal evolution scenario at about 2.3 Gyr. 
Parameter x2 controls how rapidly the transition from convective to 
conductive state proceeds. For x2 >1, the transition to a conductive state 
proceeds rapidly after the temperature profile begins to deviate from 
parameterised convection. For x2 <1, the transition is more slowly and 
continues until the boundary layers cover a large portion of Vcm. The 2D 
mantle convection simulation by Gaia is reproduced accurately by our 
parameterised thermal evolution model with x1 =0.53 and x2 =2 
(Figs. 2 and B.9).

The steady flux solution for conduction of a spherical shell (Eq. 18) 
can also be used for the temperature profile Tlm. However, because the 
surface temperature Tp is assumed constant and temperature at depth 
varies over time, the cooling rate must vary with depth in Vlm. We 
therefore use two constraints on Slm, which denotes the secular cooling 
in the lithosphere, to improve the parameterisation of Tlm (Eq. 18). First, 
the integral of Slm over Vlm must be consistent with the lithosphere’s 
energy balance, and second Slm must be equal to the local internal heat 
production at Tp since Tp is constant over time. We adopt a simple linear 
radial variation of Slm with depth 

Slm(r) = ρmHm + slm
(
Rp − r

)
, (20) 

where Hm is the radiogenic energy production per unit of mass in the 
mantle, which we assume to be volumetrically uniform. For such a radial 
profile of Slm, the temperature profile Tlm becomes 

Tlm(r) =
ρmHm + slm

(
Rp − r

)

6km
r2 +

Alm

r
+Blm. (21) 

Variables slm, Alm and Blm are solved using boundary conditions 
Tlm
(
Rp
)
= Tp, Tlm(Rl) = Tl, and the heat flux continuity boundary con

dition − km∇Tlm(Rl) = ql. Expressions for these variables, for the ther
mal energy associated to this temperature profile, and for qp are listed in 
Appendix A.

We have tested the effect of adopting a uniform Slm for the steady- 
flux approximation of the conductive temperature profile (Eq. 18) 
instead of varying Slm with depth as in Eq. (21) and found that the 
thermal evolution is insensitive to this choice (see Fig. A.7 in 
Appendix B). We adopt the linear variation with depth of Slm as 
described above for consistency with the assumed fixed surface tem
perature of the planet.

We account for heat production in the mantle per unit mass Hm by 
radioactive decay of isotopes 232Th, 40K, 235U and 238U. We model 
radiogenic isotopes to be uniformly distributed across the mantle and 
discuss their abundances in Section 3. Expressions for Hm and for Qcm 
and Qlm are given in Appendix A.

2.3. Thermal structure and heat sources in Mercury’s core

In Section 2.3.1, we parameterise temperature profiles Tic, Tac, and 
Tsc and define the heat fluxes qi and qs between the corresponding layers 
of the core. In Section 2.3.2, we describe the compositional profile of the 
core and the associated flux of light elements through the core. Heat 
sources and sinks in the core are described in Section 2.3.3 and a 
formulation for the entropy production that is available for ohmic 
dissipation is given in Section 2.3.4.

2.3.1. The temperature profile of the core
We assume that heat is transported by conduction in Vic and Vsc 

because the heat flux is subadiabatic in these regions and we describe Tic 
and Tsc by a steady-flux conductive temperature profile similar to Eq. 
(18). The expressions for the coefficients of these temperature profiles, 
the thermal energy associated to these profiles, and the fluxes qi/s = −

kc∇T
(
Ri/s
)
, with kc the thermal conductivity of the core which we as

sume constant, are listed in Appendix C.

We describe Tac by an adiabat. The adiabatic gradient is 

dTad(r)
dr

= −
αc(r)g(r)

cc
Tac(r), (22) 

where αc is the thermal expansion and 

g(r) =
4π
3

Gρcr (23) 

is the local gravity. Thermal expansion is a radially dependent variable 
that decreases with increase of pressure by a factor of about 2 in Mer
cury’s core (Fig. C.10).

We parameterise the adiabat by 

Tac(r) = T0

(

1+
∑n

j=1
τjrj

)

, (24) 

where T0 is the time-dependent reference temperature at the planet’s 
center and τj with j = 1,…, n describe the radial variation of the adiabat. 
The coefficients τj for j > 1 are constants since ρc, cc and αc are time 
independent, and can be determined from the identity of the right-hand 
side of Eqs. (22) and (24). Because g(0) = 0, we have dTad(r)/dr = 0 at 
the planet’s center. To meet this property of the adiabat expressed by Eq. 
(24), we require that dTac(r = 0)/dr = τ1T0 = 0, which implies that 
τ1 = 0. In this study, we set n = 3 and determine τ2 and τ3 in Section 3.2
by fitting Eq. (24) to a reference adiabat for Mercury’s core based on 
assumed values for αc(r), cc and ρc.

Following Knibbe and van Westrenen (2018), we introduce ϵ(r) as 
the ratio of the volume-averaged adiabatic temperature profile in a 
sphere of radius r normalised by the temperature at the sphere’s surface 

ϵ(r) =
1 +

∑n
j=2

3
3+jτjrj

1 +
∑n

j=2τjrj , (25) 

which is constant in time. The thermal energy of Vac is then conveniently 
given by 

ℰac =
4π
3

R3
s ϵ(Rs)ρcccTs −

4π
3

R3
i ϵ(Ri)ρcccTi. (26) 

The thermal evolution scenarios of this study begin with a fully 
liquid superheated core and an adiabatic temperature profile. The heat 
flux is initially superadiabatic throughout the liquid core. During the 
early thermal evolution, both the temperature and heat flux in the core 
decrease with time. Thermal stratification in the liquid core initiates 
where the heat flux first drops below − kc∇Tac. In the scenarios of this 
study, this occurs at the CMB.

2.3.2. Radial profile and flux of light element
The rate of solidification of the core and the entropy production 

available for dynamo action depends on fractionation of light elements 
during inner core solidification and the subsequent mixing of these el
ements throughout the core. To account for the fractionation and 
transport of light elements in the core, we model the profile of light 
element weight fraction X as a function of radius as 

X(r) =
{

Xic(r), for r ≤ Ri
Xoc, for Ri ≤ r ≤ Rc

(27) 

with Xoc the light element fraction in the liquid core and Xic(r) the profile 
of light element fraction in the solid inner core. Because we assume that 
light elements are well mixed throughout the liquid core, Xoc is inde
pendent of radius and written as 

Xoc =
Ml,oc

Moc
, (28) 

with Moc the total mass of the liquid core and Ml,oc the total mass of light 
elements in the liquid core. We assume that the inner core solidifies by a 
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fractional crystallisation process. At Ri, we have 

Xic(Ri) = Ds
l Xoc, (29) 

with Ds
l the partitioning coefficient of the light element between solid 

and liquid metal. We obtain the expression for the mass flux of the light 
element qX by equating the mass flux of light elements into a spherical 
layer that is bounded by above by Rc to the time variation of the mass of 
light elements in that layer 

qX(r)4πr2 =
dXoc

dt
ρc

4π
3
(
R3

c − r3). (30) 

Differentiating Eq. (28) with respect to time gives 

dXoc

dt
=

dMl,oc

dt
1

Moc
−

dMoc

dt
Ml,oc

M2
oc
. (31) 

Because density is assumed constant, the time derivatives on the 
right-hand side can be written in terms of the growth rate of the inner 
core 

dMoc

dt
= − ρc4πR2

i
dRi

dt
(32) 

and 

dMl,oc

dt
= − Ds

l Xocρc4πR2
i
dRi

dt
. (33) 

The time-evolution of Xoc and qX can be obtained by integrating Eq. 
(31) over time. This method is also valid if Ds

l varies during the evolu
tion, for example as a function of composition, temperature or pressure. 
If Ds

l is constant over time, the integration can be done analytically and 
yields the Scheil-Gulliver equation (Scheil, 1942) 

Xoc =
Ml

Mc

(
Moc

Mc

)Ds
l − 1

, (34) 

with Mc the total mass of the core and Ml the mass of light elements in 
the core.

2.3.3. Energy sources in the core
For radiogenic production of heat in the core, we include only po

tassium as significant radioactive core constituent at ppm concentra
tions of 1/50th relative to the mantle, because other radiogenic elements 
are expected to be present in the core at even smaller amounts (Boujibar 
et al., 2019).

The production of latent heat by solidification of the inner core is 
given by 

QL = Lρc4πR2
i
dRi

dt
, (35) 

where L is the latent heat due to the phase change of solidification per 
unit of mass (Lister and Buffett, 1995).

On timescales of tens of million years to billion years relevant for the 
planet’s long-term evolution, the rate of dissipative heat release Φ bal
ances the rate of work done by buoyancy forces (Lister and Buffett, 1995; 
Labrosse, 2015) 

Φ =

∫

Vc

ϕ dV =

∫

Vc

(FX + FT) dV. (36) 

Here, ϕ is the local production rate of heat by viscous and ohmic 
dissipation, FX = − q*

XβX∇ψ and FT = − q*
T⋅∇T/T are the rate of work 

done by compositional and thermal buoyancy forces, respectively, with 
q*

X and q*
T the convective fluxes of light elements and heat, the gravita

tional potential is denoted by ψ (g = − ∇ψ), and βX is the compositional 
expansion coefficient: 

βX = −
1
ρc

∂ρc

∂X

⃒
⃒
⃒
⃒
P,T

. (37) 

We see from the definition of FT that the dissipation associated with 
work done by thermal buoyancy is the release of heat that initially 
belonged to the thermal energy of the core. This dissipation relates to 
transport of heat within Vac and is implicitly accounted for by imple
menting an adiabatic temperature profile Tac. By the definition of FX we 
see that the rate of work done by compositional buoyancy equals the 
dissipation of energy that was initially stored in the gravitational po
tential. Therefore it contributes to the thermal energy of the core. The 
conversion of gravitational energy to heat is independent of whether the 
light elements are transported by diffusion or convection, but only the 
convective flux of light elements contributes to viscous and ohmic 
dissipation (Lister and Buffett, 1995). Here we assume that all transport 
of light elements occurs by convection because compositional diffusivity 
is small (Lister and Buffett, 1995; Nimmo, 2007), such that q*

X can be 
approximated by qX. We write the release of gravitational energy as heat 
in Vac and in Vsc as 

QG,ac =

∫

Vac

ϕX dV (38) 

and 

QG,sc =

∫

Vsc

ϕX dV, (39) 

with ϕX the local dissipative heat release of gravitational energy due to 
the redistribution of light elements. Because QG,ac contributes to Qac and 
QG,sc contributes to Qsc, an assumption on how ϕX is distributed between 
Vac and Vsc is needed to model the planet’s thermal evolution. The dis
tribution of ϕX is not known and must be studied by magneto- 
hydrodynamical convection simulations (Lister and Buffett, 1995). 
Here, we assume that ϕX is locally equal to the work performed by 
compositional buoyancy 

ϕX(r) = FX(r). (40) 

Qic, Qac, and Qsc can now be written as the sum of the heat sources 
described above, and are listed in Appendix C. This completes the 
planet’s thermal evolution model.

2.3.4. The entropy production available for dynamo action
The evolution of the magnetic field can be assessed by using Eq. (36), 

which yields the power that is available for viscous and ohmic dissipa
tion. Because of the low viscosity of metallic liquid, the viscous dissi
pation in a planetary core is small and Φ is commonly only ascribed to 
ohmic dissipation. A necessary condition for sustaining a magnetic field 
is that Φ > 0 (Gubbins et al., 2004).

We recall that the magnetic field of Mercury is likely generated in a 
convective layer deep below a stably stratified layer of the liquid core, 
and that large amount of light-element transport through double- 
diffusive convection in the thermally stratified layer can effect the 
magnetic field (Manglik et al., 2010; Takahashi et al., 2019). To relate 
thermal evolution scenarios to these aspects of the magnetic field, it is 
useful to separately assess ohmic dissipation in Vac and in Vsc and 
separately determine the ohmic dissipation associated with FX and FT. 
This can be achieved by performing the integral of Eq. (36) over Vac and 
Vsc, and by performing the integration of FX and FT separately in Eq. 
(36).

Often, the rate of entropy production that is available for ohmic 
dissipation EΦ is reported in thermal evolution studies instead of the 
work done by buoyancy forces (Gubbins et al., 2004; Labrosse, 2015; 
Davies, 2015; Greenwood et al., 2021a). These studies do not explicitly 
express EΦ in terms of FX and FT, but we show in Appendix D that 
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EΦ =

∫

Vc

(
FX

T
+

FT

T

)

dV. (41) 

Consequently, it is straightforward to define Eac and Esc as the en
tropy production available for dissipation in Vac and Vsc, and to define EX 

and ET as the entropy production associated with FX and FT, respectively. 
Because we implemented a conductive temperature profile and the 
compositional profile in the inner core is stable, we have FX = FT = 0 in 
the inner core and Eic = 0. Furthermore, FT = 0 in Vsc because we 
implemented a conductive temperature profile in that region.

We now clarify the implications on the ohmic dissipation if an 
adiabatic temperature profile is assumed in a thermally stratified region 
of the core. Because FT is given by 

FT = − q*
T⋅
∇T
T

= − (qT − qk)⋅
∇T
T

(42) 

with qT the local heat flux and qk the local conductive heat flux, we 
locally have qk > qT and FT < 0 if an adiabat is implemented in a ther
mally stratified region. This negative work done by thermal buoyancy 
implies that a downward convective heat flux consumes entropy that 
would otherwise be available for ohmic dissipation. For this reason, if an 
adiabat is implemented in a thermally stratified region where a down
ward convective heat flux is not expected, Φ and EΦ will be under
estimated. For some thermal evolution scenarios, Φ and EΦ may become 
negative, conflicting with the second law of thermodynamics. In Section 
4.1 we will compare our thermal evolution model with a thermal evo
lution model in which an adiabat is adopted in the entire core to quantify 
the influence of this choice.

3. Parameter values for Mercury

In Section 3.1 and Section 3.2, we describe the parameter values that 
are used in the thermal evolution scenarios for the mantle and core. We 
will produce a ‘baseline thermal evolution scenario’ by the method 
described in the previous sections using model parameters listed in 
Table 1 and listed in Table 2 as scenario 1. This scenario is used to 
describe the general behaviour of Mercury’s thermal evolution and to 
illustrate the influence of the transition from convective to conductive 
state of the mantle on the evolution of the entropy production available 
for the dynamo.

We will compare this baseline scenario to an ‘adiabatic core model’ 
in which the entire core is assumed to be adiabatic, as has long been 
common practice in thermal evolution studies of Mercury (Stevenson 
et al., 1983; Michel et al., 2013; Tosi et al., 2013a). Hence, in this 
adiabatic core model, Tac, Tsc, and Tic are all parameterised by Eq. (24). 
We additionally compare the baseline model to an ‘adiabatic inner core 
model’ in which Tsc is given by the conductive temperature profile as in 
the baseline model but in which both Tac and Tic are parameterised by 
Eq. (24), as done in Knibbe and van Westrenen (2018), Knibbe and Van 
Hoolst (2021), and Greenwood et al. (2021a). We perform these com
parisons to test how sensitive modelling the thermal evolution of Mer
cury is to the various assumptions for the core’s temperature profile that 
are adopted in literature.

Finally, we vary several model parameters of the core and mantle to 
investigate how they affect the thermal evolution of Mercury and its 
magnetic field generation.

3.1. Parameters of Mercury’s mantle

We adopt most of the parameter values for Mercury’s mantle used by 
Thiriet et al. (2019), but change three of these values. We reduce the 
mantle density from 3500 kg⋅m− 3 to 3120 kg⋅m− 3 to be consistent with 
Mercury’s mass and the adopted density of the core. We keep the 
reference viscosity of the mantle at 1600 K of 1021 Pa⋅s for the baseline 
scenario and will vary the reference viscosity between 1020 Pa⋅s and 
1022 Pa⋅s for other scenarios. Present-day surface concentrations of Th, 

U and K have been measured to be 220 ± 60 ppb, 90 ± 20 ppb and 
1150 ± 220 ppm, respectively (Peplowski et al., 2011). Thiriet et al. 
(2019) and Tosi et al. (2013a) account for preferential partitioning of 
these elements into crustal minerals and adopted present-day concen
trations of 50 ppb, 28 ppb and 400 ppm in Mercury’s mantle. We 
multiply the present-day mantle abundances of Th, U and K used by 
Thiriet et al. (2019) and Tosi et al. (2013a) by a factor γrad between 0 and 
3. Setting γrad = 3 represents scenarios in which the concentrations of 
radiogenic elements of the mantle are similar to those at Mercury’s 
surface. For the baseline model of this paper, we set γrad = 0.2, corre
sponding to radiogenic elemental concentrations near the minimum of 
the range estimated for Mercury’s mantle by Padovan et al. (2015).

We additionally investigate the occurrence and evolution of partial 
melt zones in the mantle and relate their evolution to the ancient large 
scale volcanism which produced Mercury’s surface terrains of 3.7 Ga 
and older (Marchi et al., 2013; Denevi et al., 2013). Namur et al. (2016b)
relate the composition of the youngest surface terrains of about 3.7 Ga to 
large scale volcanism with lavas that originate from partial melt in the 
mantle at temperatures between about 50 K and 100 K above the solidus 
curve of an EH enstatite chondrite (Namur et al., 2016b). We have listed 
the corresponding solidus in the caption of Table 1). We keep track of the 
mantle regions that are at least 75 K above the solidus, and define those 
regions as partial melt zone. We emphasise that the use of this solidus 
curve comes with limitations because mineral differentiation by mantle 
melting and subsequent melt migration affects the composition and in
creases the solidus over time (e.g. Maaløe, 2004; Morschhauser et al., 
2011). Therefore, the duration of partial melt zones in the mantle 
determined in this paper is likely an upper limit.

3.2. Parameters of Mercury’s core

The large Fe-rich core and the Fe-poor and S-rich surface composi
tion of Mercury are indicative of a low redox state of the planet 
compared to the other terrestrial planets (Zolotov et al., 2013; Chabot 
et al., 2014; Namur et al., 2016a). At such reducing conditions, Si is the 
dominant light element to partition in Fe-rich metal during metal- 
silicate fractionation along with a few wt% of S and C (Chabot et al., 
2014; Namur et al., 2016a; Steenstra and van Westrenen, 2020; Vander 
Kaaden et al., 2020). A core alloy in which Si is the dominant light 
element is in line with solidification starting at the center of the planet as 
is assumed in this study (Edmund et al., 2022), whereas solidification 
may start at the CMB and initiate Fe-snow if S is the dominant light 
element (Chen et al., 2008; Dumberry and Rivoldini, 2015). Following 
Thiriet et al. (2019), we use ρc = 7200 kg⋅m− 3 and Rc = 2010 km. From 
the average density of the core, the composition of the core cannot be 
uniquely determined. For the baseline scenario, we assume that the core 
contains 7 wt% Si, and 1 wt% of S and C, which is a composition that 
agrees with the assumed core density (Knibbe et al., 2021) and with the 
above geochemical constraints. Moreover, unlike Si, light elements C 
and S have a strong depressing effect on the liquidus and partition more 
significantly into the liquid upon solidification and thus are expected to 
more strongly affect the thermal evolution and dynamo action in the 
core.

The adiabatic gradient (Eq. 22) depends on temperature, pressure, 
and on material properties of the core alloy. Since ρc is assumed con
stant, the pressure profile in the core is given by 

P(r) = Pc +Gρ2
c
2π
3
(
R2

c − r2) (43) 

with Pc the pressure at Rc. The radial profile of αc for the Fe-7wt%Si-1wt 
%S-1wt%C alloy is computed along the pressure profile of Eq. (43)
following Knibbe et al. (2021) and shown in Fig. C.10 (see Appendix C). 
The parameters τ2 and τ3 describing Tac are determined by fitting Eq. 
(24) to the adiabatic gradient computed from the material parameters of 
Table 1 and αc (Eq. 22) and are listed in Table 1.
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In the pressure range of the core, 5 − 38 GPa (Knibbe and van 
Westrenen, 2015), the liquidus depression relative to the melting curve 
of pure Fe due to the presence of light elements is about 15 - 40 K per wt 
%Si (Morard et al., 2011; Edmund et al., 2022), 50 - 90 K per wt%S (Fei 
et al., 1997, 2000; Morard et al., 2011; Pease and Li, 2022), and 100 - 
175 K per wt%C (Fei and Brosh, 2014). Based on those values, we es
timate the liquidus depression per average light element relative to pure 
Fe for Fe-7wt%Si-1wt%C-1wt%S liquid metal at between 28 - 63 K/wt%. 
We parameterise the core liquidus Tcl as a function of pressure and light 
element concentration in the liquid core Xoc as 

Tcl(P) = Tcl,1

(
P − Pcl,1

Pcl,2
+ 1
)1

3
+Xoc

dTcl

dX
, (44) 

of which the first term with parameters Tcl,1, Pcl,1, and Pcl,2 (Table 1) 
stands for the liquidus of Fe (Morard et al., 2018), and dTcl/dX is the 
liquidus depression due to the presence of light elements per weight 
fraction. We set dTcl/dX at − 50 K per wt% for our baseline scenario and 
set the initial value of Xoc at 9 wt%. We vary these parameters among 
other thermal evolution scenarios to assess how they affect the thermal 
evolution of the planet.

To large extent, the partitioning coefficient Ds
l determines the 

compositional buoyancy FX and the associated entropy production EX 
(Eq. 41). For Si, which is the dominant light element in the baseline 
scenario, Ds

l in Fe-rich binary Fe–Si alloys varies between 0.85 and 1 
(Morard et al., 2014). The fractionation coefficient of S and C in Fe-rich 
binary Fe–S and Fe–C alloys is almost 0 (Fei et al., 1997, 2000) and 
between 0.3 and 0.5 (Fei and Brosh, 2014), respectively. The solid-liquid 
partitioning of these elements changes if ternary and quarterly systems 
are considered. For example, the small preferential partitioning of Si 
into Fe–Si liquid changes to preferential partitioning into solid metal if 
S or C are present (Deng et al., 2013; Tao and Fei, 2021; Sakai et al., 
2023). Since accurate data for Fe alloys with multiple light elements are 
lacking, we set Ds

l = 0.9 for the baseline scenario but vary this parameter 
in other thermal evolution scenarios to assess how light element parti
tioning affects the thermal evolution.

The compositional expansion coefficient βX (Eq. 37) varies consid
erably for Fe-Si-S-C alloys. In binary Fe–Si, βX of Si is around 0.9 
(Terasaki et al., 2019) whereas for S in Fe–S or Fe-10wt%Ni-S, βX takes 
values between 1 and 2 (Knibbe et al., 2021; Terasaki et al., 2019). We 
fix βX to 0.9 throughout this study because its effect on the thermal 
evolution is small if compared to the effect the Ds

l values considered in 
this study have.

The thermal conductivity (kc) of liquid Fe is measured at ambient 
pressures and 1818 K by Nishi et al. (2003) to be 33 W⋅m− 1K− 1. Thermal 
conductivity increases with pressure and is extrapolated to about 43 
W⋅m− 1K− 1 for liquid Fe for conditions at Mercury’s CMB of about 1818 
K and 5.5 GPa (Secco, 2017). Based on high-pressure electrical con
ductivity measurements on liquid Fe-rich alloys, a kc of Fe-8.5 wt% Si at 
Mercury CMB conditions of about 32 W⋅m− 1K− 1 is inferred (Berrada 
et al., 2021). At conditions of Earth’s CMB of 136 GPa and about 3000 K, 
the kc of pure liquid Fe is calculated by first principles to be about 140 
W⋅m− 1K− 1 (de Koker et al., 2012), whereas that of Fe-9 wt% Si liquid 
metal is deduced from electrical conductivity measurements to be 
around 100 - 110 W⋅m− 1K− 1 (Zhang et al., 2022). Linear interpolation 
between these estimated values of kc at Mercury’s CMB and Earth’s CMB 
pressure conditions yield kc of between 49 and 65 W⋅m− 1K− 1 at pres
sures of Mercury’s center of about 36 GPa. Here we set kc at 45 
W⋅m− 1K− 1, which is between the estimates for kc at Mercury’s CMB and 
Mercury’s center. We do not vary kc among thermal evolution scenarios 
that we present in this paper.

The latent heat L = TΔs of pure Fe is about 250 kJ/kg at the melting 
temperature of 1811 K (Desai, 1985). In this study, we set L = 300 kJ/ 
kg, which is the value of L at the liquidus temperature of Mercury’s 
center of the baseline scenario of 2197 K under the assumption that Δs is 

constant.

4. Results and discussion

4.1. The baseline scenario

In this section, we present the evolution in the baseline scenario. The 
mantle begins in a state of stagnant lid convection. Because the mantle 
cools, the viscosity increases, mantle convection weakens, and the layer 
between the thermal boundary layers in Vcm gradually gets thinner 
(Fig. 3). At 1.5 billion years, the thickness of the thermal boundary 
layers is about half the thickness of Vcm and the transition from a 
convective to a conductive state of the mantle begins. At about 3.8 Gyr, 
the thermal boundary layers touch and heat transport through the 
mantle occurs solely by conduction. A partial melt zone exists in Vcm 
early in the evolution and is located below the upper thermal boundary 
layer, in the convective region of the mantle. The zone that attains 
temperatures higher than 75 K above the solidus subsides at 0.8 Gyr, and 
temperatures become subsolidus everywhere in the mantle at 1.25 Gyr. 
This timing is consistent with the end of large-scale volcanism on Mer
cury at around 0.8 Gyr after planet formation (Denevi et al., 2013; 
Marchi et al., 2013) and with the temperatures of mantle source regions 
of the youngest surfaces (Namur et al., 2016b).

A thermally stratified region forms below the CMB almost immedi
ately at the start of the evolution and grows to a thickness of about 1000 
km after 2.2 Gyr when the inner core begins to solidify (Fig. 3). Due to 
the decrease of heat transport through the core, EΦ decreases rapidly in 
the beginning of the evolution from several tens of MW/K to 1 MW/K at 
700 Myr and below 0.1 MW/K at 2.2 Gyr (Fig. 3). The necessary con
dition for dynamo action, which is that EΦ > 0, is fulfilled throughout 
this time period. However, it is unclear whether such a minor amount of 
entropy production could be fully realised by viscous processes and no 
entropy production is available for ohmic dissipation. If a magnetic field 
would be generated by such minor forcing, it may be too weak to 
magnetize Mercury’s crust at about 700 Myr as is suggested based on 
low-altitude magnetic field measurements (Johnson et al., 2015).

While the inner core grows to a present-day radius of 1340 km, latent 
heat and gravitational energy are released, which increases the heat flux 
through the liquid core and leads to a decrease of the thickness of Vsc to 
473 km at present. As a result, EΦ increases to about 10 MW/K over the 
final 2 Gyr of the evolution. Work done by thermal buoyancy is 
responsible for about 40% of this entropy production (ET, associated 
with convective transport of heat), whereas the rest results from 
compositional buoyancy (EX, associated with convective transport of 
light elements). Eac, the entropy produced in Vac, is two-thirds of EΦ, 
whereas Vac is only 30 % of the liquid core volume (Table 2) indicating 
that the local dissipation density ϕ is much larger in Vac than in Vsc.

The transition from convective to conductive state of the mantle 
leads to a temporary dip in qc at about 2.6 Gyr and a small and tem
porary decrease in EΦ about half a billion years later (Fig. 3). The delay 
in the response of EΦ is related to the conduction timescale of the 
thermally stratified layer in the liquid core, which is on the order of a 
billion years (Knibbe and Van Hoolst, 2021). Guerrero et al. (2021)
present mantle convection simulations in which qc is much larger than 
the 11 - 13 mW/m2 of our baseline scenario after convection has ended. 
The larger heat fluxes at the CMB are due to the larger mantle conduc
tivity values they assumed between about 4 and 12 W⋅m− 1⋅K− 1. We have 
set km at 4 W⋅m− 1⋅K− 1, which is in agreement with the range of 2 - 5 
W⋅m− 1⋅K− 1 of silicate minerals at pressure and temperature conditions 
of Mercury’s mantle of below 6 GPa and average temperature of be
tween 1600 K - 1100 K (Fig. 2) (Tosi et al., 2013b; Zhang et al., 2019; 
Freitas et al., 2021).
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4.2. Sensitivity to assumptions on the core’s temperature profile

In this section, we compare the results of the baseline scenario with 
the adiabatic core model and the adiabatic inner core model introduced 
in Section 3. For the adiabatic core model, the evolution of Tc simplifies 
to 

dTc

dt
=

QL + QG + ρcHc
4π
3 R3

c − qc4πR2
c

ϵ(Rc)ρccc
4π
3 R3

c
, (45) 

where QG = QG,ac + QG,cc (Eqs. 38–39). We recall that assuming an 
adiabatic temperature profile in regions where the heat flux is sub
adiabatic implies the existence of a mechanism that transports heat 
downward. As a consequence, Tc is a few tens of degrees lower and the 
center of the planet is about 100 degrees warmer at present in the 
adiabatic core model (Fig. 4). The inner core therefore starts to solidify 
about 1 Gyr later and the present-day inner core is smaller by about 13 % 
of the core’s volume. This also leads to a lower qc and to an end of mantle 
convection about 800 million years earlier as compared to the baseline 
model. These differences are similar to those described in Knibbe and 
Van Hoolst (2021).

In the case of an adiabatic inner core the results are almost indis
tinguishable from the baseline scenario (not shown). The most signifi
cant difference is that the heat flux out of the inner core (qi) is about 
40 % smaller in the adiabatic inner core model, because assuming an 
adiabatic temperature profile in the thermally stratified inner core 
implicitly leads to downward heat transport and less heat from the inner 
core’s interior reaches the inner core boundary. However, because of the 
smaller flux of heat toward the inner core boundary, a slightly larger 
growth rate of the inner core and of release of latent and gravitational 
heat is obtained that together largely compensate for the influence of the 
smaller qi on the rest of the planet’s thermal evolution.

We now describe differences in the entropy production available for 
ohmic dissipation EΦ between the baseline model and the adiabatic core 
model. For the baseline model EΦ = 9.6 MW/K at present (Fig. 3) and 
consists of ET = 2.9 MW/K, produced by FT which is positive in Vac and 
zero in Vsc and Vic (Fig. 4f), and of EX = 6.7 MW/K, produced by FX in the 
liquid core (Fig. 4d). For the adiabatic core model, FX is larger than in 
the baseline scenario because the inner core grows faster and generates 
EX = 9.3 MW/K (Fig. 4d). More importantly, the downward convective 
flux of heat and associated negative FT in thermally stratified regions of 
the adiabatic core model (Fig. 4e) consumes more entropy than what is 
generated by FT in the thermally convective region of the core, such that 
ET = − 14.1 MW/K and EΦ = − 4.9 MW/K. The computed entropy pro
duction in the adiabatic core model is 13.5 MW/K smaller than in the 
baseline model and below zero. In some studies, a negative EΦ is inter
preted as indication that dynamo action in the core cannot persist 
(Williams et al., 2007). But actually, a thermal evolution scenario in 
which EΦ is negative, such as for the adiabatic core model, conflicts with 
the second law of thermodynamics and only implies that modelling as
sumptions are not valid.

In the adiabatic inner core model, the negative FT in the inner core 
leads to EΦ that is only about 3 MW/K lower than in the baseline sce
nario at present. Although EΦ > 0 in this model, if other model param
eters are adopted that yield a larger present-day inner core, EΦ can 
become negative (this is for example the case if we adopt an adiabat in 
the inner core for scenario 6 of Table 2). Because the influence of 
adopting an adiabat in the inner core on the thermal evolution is small 
but the influence on EΦ can be substantial, some studies implement an 
adiabat in the thermally stratified inner core to simplify thermal evo
lution modelling but exclude the entropy consumption due to the 
associated downward heat transport in the inner core for computing EΦ 

(Lister, 2003; Labrosse, 2015; Knibbe and van Westrenen, 2018). 

Fig. 3. This figure presents the baseline thermal evolution scenario (scenario 1 in Table 2). Panel (a) shows the evolution of Vlm, Vcm, and partial melt zones in the 
mantle. The black and red area denote the supersolidus region and the region where temperature is more than 75 degrees above the solidus, respectively. Interfaces of 
thermal boundary layers (Ru and Rb) are plotted as dashed lines. Panel (b) shows the evolution of Ri and Rs. Panel (c) shows the total production of entropy in the core 
that is available for ohmic dissipation (EΦ, black solid, left axis), the entropy budget generated in the thermally stratified region (Esc, black dashed) of which the 
complement is generated in the thermally convective region (Eac), and the entropy budget that is generated by thermal buoyancy (ET , dashed-dotted), of which the 
complement is generated by compositional buoyancy (EX). The red line (right axis) shows the evolution of qc. A dip in qc at about 2.6 Gyr is related to the transition 
from a convective to a conductive state of the mantle, and induces a dip in EΦ with a delay of about half a billion years. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.)
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However, some other thermal evolution studies do not exclude entropy 
consumption by the downward heat transport in the inner core and 
underestimate EΦ potentially considerably (e.g. Greenwood et al., 
2021a), unless there is a mechanism that transports the heat downward.

4.3. Sensitivity of thermal evolution and dynamo generation to 
parameters of Mercury’s core

In this section, we examine the influence of the partitioning coeffi

cient Ds
l , the core concentration of light elements Xc, and the effect of 

their amount on the core liquidus dTcl/dX on the thermal evolution and 
entropy production available for ohmic dissipation. These properties 
have a strong influence on the crystallisation and stratification in the 
core and on the relative contribution of compositional and thermal 
buoyancy to entropy production (see Fig. 5, scenarios 1 - 3 of Table 2). 
Other parameter values are identical to those of the baseline scenario.

Because the mantle’s properties and adiabatic parameters of the core 
are fixed, the core liquidus Tcl determines when an inner core forms. 

Fig. 4. Comparison of the baseline scenario (solid lines in panels (a)-(d), and panel (f)) and the adiabatic core model (dashed lines in panels (a)-(d), and panel (e)). 
(a) Evolution of lithospheric boundary (Rl) and of interfaces of the thermal boundary layers (Ru and Rb). (b) Inner core radius (Ri) and, for the baseline model, the 
evolution of Vsc and Vac. (c) Temperature at the planet’s center (Tcenter) and at the CMB (Tc). (d) Radial profile of FX at present. Panels (e) and (f) show present-day 
profiles of FT for the fully adiabatic and the partially conductive core models, respectively. Sources for FT from the inner core due to secular cooling and for a 
negligible part by radiogenic decay (magenta), latent heat (green), secular cooling in the liquid core (blue), and gravitational heat (red) are distinguished. The 
contribution to FT by radioactive decay in the liquid core is too small to be visible. The sink of FT due to conductive heat transport is displayed as the area covered by 
vertical lines. In panel (f), the conductive sink is limited to the total of thermal buoyancy sources because the heat fluxes satisfy the conduction equation where the 
heat flux is subadiabatic, and the conservative thermally stratifying buoyancy force (which does no work in the baseline model because a conductive state is assumed) 
is plotted as dashed line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Scenarios with dTcl/dX = 150 K/wt%, 100 K/wt%, or 50 K/wt% yield a 
present-day thermally convective layer above the inner core and below a 
thermally stratified layer if 2 wt%< Xc < 4.5 wt%, 3 wt%< Xc < 7 wt%, 
or 6 wt%< Xc < 14 wt%, respectively (Fig. 5c,d). These ranges corre
spond to scenarios with a liquidus depression between about 300 K and 
700 K. These scenarios are of particular interest since Mercury’s present 
magnetic field is considered to be generated by a dynamo below a stably- 
stratified layer of the core (Christensen, 2006; Christensen and Wicht, 
2008; Manglik et al., 2010; Takahashi et al., 2019). With increasing 
liquidus depression, the present-day inner core size decreases. There
fore, the release of latent and gravitational heat decreases and lower 
CMB temperatures are obtained (Fig. 5a-b). With liquidus depression 
approaching about 700 K, the core remains liquid and has become fully 
conductive with EΦ = 0 (Fig. 5c-f). With a decrease of the liquidus 
depression to about 300 K, the present-day inner core radius increases to 
about 1550 km and the CMB temperature increases by about 120 K 
relative to scenarios without an inner core as a result of the release of 
latent heat and gravitational energy (Fig. 5a-d). The liquid core is fully 
thermally stratified and EΦ is exclusively produced by compositional 
buoyancy (EΦ = Esc) (Fig. 5c-e). Our thermal evolution scenarios with a 
liquidus depression less than 300 K are inconsistent with the dynamo 
studies that reproduce the main characteristics of Mercury’s magnetic 
field (e.g. Christensen, 2006; Christensen and Wicht, 2008; Manglik 
et al., 2010; Takahashi et al., 2019), which have thus far all assumed a 
thermally unstable lowermost layer in the liquid core.

The thermal evolution is not strongly affected by the partitioning 
coefficient Ds

l (Fig. 5a-d). Partitioning of light elements affects the 
thermal evolution largely through the release of gravitational heat (QG), 
which is small relative to the total heat production in the core (Table 2). 
The light element enrichment of the outer core also enhances the liq
uidus depression as the inner core grows, but also the effect on the 
thermal evolution is relatively small. Among the scenarios of Fig. 5c,d, 
the largest difference in the present-day inner core size using either Ds

l =

0.5 or 0.9 amounts to only 9 % of the core volume. Although the parti
tioning of light elements has a modest influence on the thermal evolu
tion, it strongly affects the light element transport through the liquid 
core and consequently affects EX and EΦ. For example, thermal evolution 
scenarios with Ds

l = 0.9 yield a maximum EΦ of about 13 MW/K of which 
EX is about 60 %, whereas scenarios with Ds

l = 0.5 yield a maximum EΦ 

of about 35 MW/K of which EX is more than 90% (Fig. 5e,f). The large EX 
in scenarios with large amounts of light element transport is the primary 
reason why Williams et al. (2007) obtain EΦ > 0 only if the concentra
tion of S in the core is between 2 wt% and 8 wt%. Assuming such con
centrations of S in the core, Williams et al. (2007) obtain a maximum for 
EΦ at present of about 7 MW/K. In our thermal evolution model EΦ is 
several times larger in similar thermal evolution scenarios because 
conductive heat transport in thermally stratified regions does not 
consume entropy, in contrast to the model of Williams et al. (2007), 
which assumes an adiabatic temperature profile in the whole core. In 
our thermal evolution scenarios with Ds

l = 0.5, EΦ is dominantly 

Fig. 5. Thermal evolution models with parameters of Table 1. Varied parameters among these scenarios are the light element concentration of the core (Xc, the X- 
axis), the liquidus depression due to light elements (dTcl/dX) between 50 K/wt% (black), 100 K/wt% (blue), and 150 K/wt% (red), and the partitioning coefficient 
between solid and liquid (Ds

l ) which is set to 0.9 for the left panels and 0.5 for the right panels. Panels (a) and (b) show the present-day Tc. Panels (c) and (d) show Ri 

(solid) and Rs (dashed). Panels (e) and (f) show EΦ (solid), Esc (dashed), and EX (dashed-dotted). Eac and ET are the complements of Esc and EX relative to EΦ, 
respectively. Only the scenarios with a present-day thermally convective layer (Rs > Ri) are shown. Table 2 lists some present-day characteristics of scenarios 1, 2, 
and 3, which are highlighted in this figure by snow-symbols. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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generated by compositional buoyancy and between 40% and 100% is 
produced in the thermally stratified liquid layer (Esc) (Fig. 5f).

In scenarios with Ds
l = 0.9, such as in the baseline scenario and 

scenario 2 (Fig. 5e, Table 2), at most 75 % of EΦ is produced in Vac at 
present. Using values for Ds

l closer to 1, the transport of light elements 
through the core will decrease and EΦ will be increasingly dominated by 
ET. Such results are more in line with our understanding of Mercury’s 
present-day magnetic field. Dynamo simulations of Manglik et al. (2010)
produce a magnetic field strength that agrees better with Mercury’s 
magnetic field if the flux of light elements qX is small. Simulations 
BU1–2 of Takahashi et al. (2019) successfully reproduce the main 
characteristics of Mercury’s magnetic field only with negligible qX in Vsc. 
Other characteristics of Takahashi et al. (2019)’s simulations BU1–2 are, 
however, more difficult to reproduce with our thermal evolution sce
narios. Their background profiles (see their supplementary information) 
assume volumetric heating as the source of thermal buoyancy, whereas 
the thermally convective region in our thermal evolution models 
strongly relies on latent and inner core heat release at Ri. Additionally, at 
the bottom of the thermally stratified layer of their BU1–2 simulations, 

thermal instability sharply decreases with radius from its positive 
maximum to strongly negative, stratifying, values. The corresponding 
local sink of thermal buoyancy in the liquid core cannot be reproduced 
by our thermal evolution scenarios and is particularly difficult to 
combine with volumetric heating as the source for thermal buoyancy. 
Finally, the profile of compositional instability of their simulations 
BU1–2 is strong near Ri but decreases strongly with radius such that the 
thermally stratified region is only very weakly compositionally unstable. 
It is not clear what particular internal structure and light elements in the 
core will lead to a long-term evolution of the core with such a particular 
weak compositional stability in the upper thermally stratified layer 
while the release of light elements at Ri generates a strong compositional 
instability in the lower vigorously convective layer.

The magnetic field generation in a core with upper thermally strat
ified and compositionally buoyant layer atop a thermally and compo
sitionally unstable layer is not well understood (e.g. Guervilly, 2022). 
But if models with substantial compositional buoyancy in the upper part 
of the liquid core can be ruled out (Manglik et al., 2010; Takahashi et al., 
2019), the composition of the core can be constrained by the 

Fig. 6. Thermal evolution models with parameters of Table 1. Varied parameters among these scenarios are γrad which is proportional to the concentrations of 
radiogenic elements in the mantle (X-axis, γrad = 3 corresponds to mantle concentrations close to those observed at Mercury’s surface and γrad = 1 to mantle con
centrations used by Thiriet et al. (2019) and Tosi et al. (2013a)), the mantle’s reference viscosity (η0 = 1022 Pa⋅s (red), 1021 Pa⋅s (black), or 1020 Pa⋅s (blue)), and core 
concentration of light element Xc, set to 9 wt% (left panels) or 6 wt% (right panels). Panels (a) and (b) show the present-day Tc. Panels (c) and (d) show the time when 
the transition from convective to conductive mantle begins (tλ<1, solid) and ends (tλ=0, dashed). In panel (c), the dashed blue line is absent because mantle convection 
persists in all scenarios with η0 = 1020 Pa⋅s. In panel (d), blue lines are absent because scenarios with η0 = 1020 Pa⋅s all yielded vigorously convective mantles up to 
the present. Panels (e) and (f) show Ri (solid) and Rs (dashed). Panels (g) and (h) show EΦ (solid), Esc (dashed), and EX (dashed-dotted). Eac and ET are the com
plements of Esc and EX respectively, relative to EΦ. Only the scenarios with a present-day thermally convective layer in the core are displayed. Table 2 lists some 
present-day characteristics of scenarios 4-7, which are highlighted in this figure by snow-symbols. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)
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requirement that Ds
l is not much smaller than 1. This has implications for 

the composition of the core, since light elements S and C partition 
relatively strongly into the liquid whereas Si has a Ds

l only slightly below 
1 (Section 3.2). Si should therefore be the dominant light element in the 
core, consistent with geochemical data. However, Si does not depress 
the Fe-liquidus as strongly as S and C, and a present-day thermally 
convective region in the liquid core is obtained only for thermal evo
lution scenarios with a liquidus depression larger than 300 K (Fig. 5c,d). 
Potentially, the increased partitioning of Si into solid during solidifica
tion of Fe-S-Si liquid metal (Tao and Fei, 2021) may lead to an effective 
Ds

l not much smaller than 1 for Fe-S-Si-C alloys while the addition of 
smaller amounts of S and C suffice to depress the liquidus by the 
required amount.

4.4. Sensitivity of thermal evolution and dynamo generation to 
parameters of Mercury’s mantle

Because the thermal evolution of the mantle is dominantly controlled 
by its viscosity and radioactive heating, we present thermal evolution 
scenarios for different values of η0 and γrad (Fig. 6, scenarios 4 - 7 of 
Table 2). We vary γrad between 0 and 3 and set η0 at 1020 Pa⋅s, 1021 Pa⋅s, 
or 1022 Pa⋅s. The highest value for γrad is an upper limit, which corre
sponds to the mantle having about the same concentration of radioactive 
elements as observed at the surface. γrad = 1 is equivalent to assuming 
the mantle concentrations of radioactive elements used by Thiriet et al., 
2019 and Tosi et al. (2013a). To examine also the influence of the core 
liquidus on these thermal evolution scenarios, we set Xc either to 9 wt%, 
as in the baseline scenario, or to 6 wt%. Other parameter values are as in 
the baseline scenario.

Higher concentrations of radioactive elements in the mantle lead to 
more internal heat production in the mantle and therefore to a higher 
temperature at the CMB and a longer duration of mantle convection 
(Fig. 6). The increase of CMB temperature with increase of γrad leads to a 
decrease of CMB heat flux, a faster growth of the thermally-stratified 
liquid layer, and slower growth of the inner core. A decrease of the 
viscosity in the mantle leads to a more efficient mantle convection with 
faster cooling of the core and mantle. Although decreasing viscosity and 
increasing concentrations of radioactive elements in the mantle have 
opposite effects on Tc, Ri and Rs, both prolong mantle convection.

Compared to the baseline scenario, increasing the mantle viscosity, 
concentration of radioactive elements, and light element concentration 
in the core, results in a smaller present-day inner core. If at present, an 
inner core has not formed, the entire core will be stratified with an EΦ 

decreasing toward zero (Fig. 6e-h). With decreasing mantle viscosity, 
concentrations of radioactive elements, and light element concentra
tions in the core, the present-day inner core radius increases. When the 
present-day inner core radius increases to about 1500 km - 1700 km, the 
thermally convective layer vanishes and entropy is only produced in the 
thermally stratified layer Esc by light element transport. The largest 
values of EΦ are obtained for scenarios that yield present-day inner core 
radii between about 600 km and 1300 km. For those scenarios, the 
present-day mantle is either in a convective state with a low viscosity 
and high concentrations of radiogenic elements, or in a conductive state 
with a high viscosity and low concentrations of radiogenic elements. 
Hence, a convective mantle is not a necessary condition for obtaining 
EΦ > 0, in contrast to the conclusion of Williams et al. (2007).

5. Conclusions

We have coupled the mantle and core in a planetary thermal evo
lution model for Mercury in which both the mantle and core can un
dergo a transition from a convective to a conductive state. We use this 
model to investigate how the coupling of the core and mantle affect the 
thermal evolution of the planet and the generation of the magnetic field 
in the core. In particular, we assess which parameter choices lead to 

thermal evolution scenarios that yield a thermally convective layer in 
the liquid core below a thick thermally stratified layer, as such a 
configuration is thought to be consistent with main aspects of the 
observed magnetic field (Christensen, 2006).

Plausible thermal evolution scenarios that satisfy minimum condi
tions for present-day dynamo action in a thermally convective layer 
below a thermally stratified layer in the liquid core are possible with 
both a present-day convective mantle and a present-day conductive 
mantle. A convective mantle is thus not a necessary condition for 
present-day dynamo action in Mercury’s core (Williams et al., 2007) nor 
is a present-day conductive mantle with high thermal conductivity 
(Guerrero et al., 2021) required. By assuming relatively low concen
trations of radiogenic elements in the mantle, a relatively viscous 
mantle, and/or assuming a low core liquidus, our thermal evolution 
model can produce a present-day state with entropy production in the 
core available for dynamo action with a conductive mantle and with 
relatively low core temperatures. By assuming relatively high concen
trations of radiogenic elements, a lower viscosity for the mantle, and 
assuming a higher liquidus of the core, the thermal evolution model can 
produce a present-day state of Mercury with entropy production in the 
core available for dynamo action with a convective mantle and with 
relatively high core temperatures.

We have clarified how adopting either an adiabatic or conductive 
temperature profile in regions of the core where the heat flux is sub
adiabatic affects entropy production available for dynamo action. If an 
adiabatic temperature profile is assumed where the heat flux is sub
adiabatic, the existence of a mechanism that transports heat downward 
is implied. Downward heat transport consumes power that would 
otherwise be available for dynamo action. If insufficient power is 
available to transport heat downwards, the simulated thermal evolution 
is at odds with the second law of thermodynamics. If heat transfer in 
thermally stratified regions is described by conduction (Labrosse et al., 
1997; Knibbe and van Westrenen, 2018), the computed power available 
for dissipative processes is nonnegative and the second law of thermo
dynamics is implicitly satisfied. Additionally, the rate of entropy pro
duction available for ohmic dissipation is larger and minimum 
conditions for dynamo action in Mercury’s core are more easily met.

The results of this paper show that a significant thermally convective 
layer deep in the core can persist until today if the core liquidus is 
several hundred K below that of pure Fe. Such a liquidus depression can 
be obtained by assuming a significant amount of light elements in the 
core. Scenarios with a liquidus depression of 300 K require relatively 
high present-day temperatures in the core for a substantial thermally 
convective region in the core to persist until the present and for mantle 
temperatures to become subsolidus after large scale volcanism (Denevi 
et al., 2013; Marchi et al., 2013). For those scenarios, the mantle’s 
temperature at 0.8 Gyr is above the temperatures that are estimated for 
mantle source regions of volcanic lava that produced Mercury’s youn
gest surfaces (Namur et al., 2016b). With a core liquidus depression of 
about 450 K, thermal evolution scenarios can yield mantle temperatures 
that are in line with surface observations (Namur et al., 2016b) and with 
a present-day thermally convective region that may produce a dynamo 
below a thermally stratified region in the core.

If the preferential partitioning of a light element into the liquid core 
alloy during inner-core solidification is strong, the resulting flux of the 
light element through the upper thermally stratified layer is at odds with 
dynamo models that best explain the observed magnetic field (Manglik 
et al., 2010; Takahashi et al., 2019). Thermal evolution scenarios from 
this study indicate that a partitioning coefficient slightly below unity 
creates conditions suitable for past and present-day dynamo operation 
below a thick stable layer. Although Si partitions almost equally be
tween solid and liquid iron, its effect on the liquidus is too small to 
sustain dynamo action up to present-day. The addition of smaller frac
tions of S and/or C to Fe–Si is sufficient to depress the liquidus by the 
required amount, while at the same time the combined effect of these 
light elements results in a large enough effective partition coefficient 
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(Tao and Fei, 2021).
The thermal evolution scenarios in this paper have assumed a ther

mal conductivity of the core kc of 45 W⋅m− 1K− 1 and we assumed fixed 
parameters for describing the adiabat. If the core has a larger kc, more 
heat is transported through the core by conduction and less by con
vection. Therefore, a larger kc relative to the value used in this study 
results in a thinner thermally convective liquid region in the core and 
lower entropy production by thermal buoyancy. A smaller kc would have 
the opposite effect. Furthermore, a steeper adiabat of the core would 
result in a larger maximum conductive heat flux in the core and a 
thinner thermally convective liquid region and decreased entropy pro
duction by thermal buoyancy deep in the liquid core whereas a smaller 
adiabatic gradient would have the opposite effect.

Unlike the results in our study that require non-equal partitioning of 
light elements between the solid and liquid core to explain a present-day 
dynamo, Davies et al. (2024) find that Mercury’s dynamo can operate in 
a Fe–Si core if equal partitioning of Si is assumed. Three different as
sumptions about the thermodynamic and transport properties of Mer
cury’s core with respect to our study result in differences in generated 
entropy and interior structure. Two of those differences, a significantly 
higher latent heat (500 kJ/kg versus 300 kJ/kg) and a composition, 
pressure, and temperature dependent thermal conductivity that is 
significantly below the value we assumed at upper core pressures, make 
a dynamo more likely. But the main reason why they find that a dynamo 
is possible for a Fe–Si core is their different parameterisation of the core 
liquidus. Davies et al. (2024) assume that the core liquidus of Fe–Si is 
higher, decreases slower with Si than our generic light element, and 
neglect the existence of the Fe-FeSi eutectic. Experimental results 
(Ozawa et al., 2016; Edmund et al., 2022) show that the eutectic con
centration decreases with increasing pressure and is below 10 wt% at 
40 GPa (Mercury’s center core pressure). Above the eutectic, the liq
uidus increases with Si. If the core temperature drops below the liquidus, 
a likely buoyant solid will crystallize (Edmund et al., 2022). It is not 
known if the gravitational power generated by up-floating solid can help 
to drive a long-lived dynamo and, at the same time, not destabilize the 
upper core stable layer. The models presented in Davies et al. (2024)
that allow for a past and present-day dynamo have Si concentrations 
likely above the eutectic at core center pressures and are built on the 
premise of bottom-up inner core nucleation.

Our results lean heavily on not well-known thermodynamic and 
transport properties of core forming materials. In particular the 

combined effect of light elements on thermal conductivity and phase 
stability is not well understood and mostly deduced from results ob
tained from binary alloys. Consequently, future experimental data are 
expected to refine and potentially alter some of the conclusion drawn in 
this study. Additionally, new measurements that will be obtained by 
BepiColombo will improve constraints on Mercury’s interior structure 
and thermal state and are expected to inform about the radius of the 
inner core (Genova et al., 2021). Together with new experimental 
findings, these data will increase our understanding of the core’s ther
mal evolution and the magnetic field generation.
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Appendix A. Parameterisation of thermal boundary layers in the mantle

In this appendix, we first reiterate the parameterisation of the thermal boundary layers from Thiriet et al. (2019). Subsequently, we list the ex
pressions of other variables of the mantle’s temperature profile and the associated heat fluxes.

The viscosity in the upper thermal boundary layer is related to Tm as 

ηu = ηref exp
[
A
ℛ

(
1
Tm

−
1

Tref

)]

, (A.1) 

with ℛ the ideal gas constant and A an activation constant. The viscosity in the bottom thermal boundary layer is related to the temperature in that 
boundary layer as 

ηb = ηref exp
[
A
ℛ

(
2

Tm + Tc
−

1
Tref

)]

. (A.2) 

Separate Rayleigh numbers are defined for the upper thermal boundary layer 

Rau =
αmρmgm(Tc − Tl)(Rl − Rc)

3

κηu
(A.3) 

and for the bottom thermal boundary layer 
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Rab =
αmρmgm(Tc − Tl)(Rl − Rc)

3

κηb
. (A.4) 

The internal Rayleigh number of the mantle is 

Rai =
αmρmgm

(
Tc − Tp

)(
Rp − Rc

)3

κηb
, (A.5) 

and the critical Rayleigh number is 

Racrit = 0.28Ra0.21
i . (A.6) 

The thicknesses of the thermal boundary layers are described in terms of the above Rayleigh numbers as 

δb = (Rl − Rc)

(
Racrit

Rab

)βb

(A.7) 

and 

δu = (Rl − Rc)

(
Racrit

Rau

)βu

. (A.8) 

The temperature difference across the upper thermal boundary layer is Enova as 

Tm − Tl =
arhℛT2

m
A

, (A.9) 

where arh is a scaling parameter.
The energy that corresponds to the temperature profile Tcm,conv of Eq. (15) is 

ℰcm = ρmcm

[

Tm
4π
3
(
R3

l − R3
c
)
−

Tm − Tl

δu

(

π
(
R4

l − R4
u
)
−

4π
3

Ru
(
R3

l − R3
u
)
)]

+ρmcm

[
Tc − Tm

δb

(
4π
3

Rb
(
R3

b − R3
c
)
− π
(
R4

b − R4
c
)
)] (A.10) 

The heat fluxes in and out of Vcm that are associated to Tcm,conv are given by 

qc,conv = − km
Tm − Tc

δb
and ql,conv = − km

Tl − Tm

δu
(A.11) 

with km the thermal conductivity of the mantle.
The time-dependent parameters Scm, Acm, and Bcm of Tcm,cond (Eq. 18) are solved using temperature boundary conditions Tl and Tc and by equating 

Ecm that corresponds to this temperature profile through Eq. (3). We obtain 

Scm =

ℰcm − ρmcm

⎡

⎢
⎢
⎣

4π
3

(
R3

l − R3
c
)
(

Tc −
Rl(Tl − Tc)

Rc − Rl

)

+
2πRl(R2

l − R2
c )(Tl − Tc)

1− Rl
Rc

⎤

⎥
⎥
⎦

ρmcm

⎡

⎢
⎢
⎣

4π
6km

(
R3

l − R3
c

3

(

R2
c +

R3
l − RlR2

c
Rl − Rc

))

+
R2

l − R2
c

2
R3

l − RlR2
c

1− Rl
Rc

−
R5

l − Rc
c

5

⎤

⎥
⎥
⎦

(A.12) 

Acm =
Rl(Tl − Tc) +

Scm
6km

(
R3

l − RlR2
c
)

1 −
Rl
Rc

, (A.13) 

and 

Bcm = Tc +
ScmR2

c
6km

−
Acm

Rc
. (A.14) 

The conductive heat fluxes in and out of Vcm that correspond to Tcm,cond are related to the local thermal gradients as − km∇T(Rc) and − km∇T(Rl), 
respectively, and expressed as 
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qc,cond = − km

(

−
ScmRc

6km
−

Acm

R2
c

)

and ql,cond = − km

(

−
ScmRc

6km
−

Acm

R2
l

)

. (A.15) 
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Fig. A.7. Computed thermal evolution in which we either adopt a uniform distribution of Slm over the lithosphere (dashed red lines), or vary Slm linearly with depth 
(solid black line which is plotted below the red dashed line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)

The time-dependent parameters slm, Alm and Blm of Eq. (21) are solved from temperature boundary conditions Tlm
(
Rp
)
= Tp and Tlm(Rl) = Tl and 

flux boundary condition − km∇Tlm(Rl) = ql 

slm = −

Tl − Tp −
qlRl
kmRp

(
Rp − Rl

)
−

ρmHm
6kmRp

(

R2
p − R2

l − 2 R2
l

Rp

(
Rp − Rl

)
)

3R2
l (Rp − Rl)

6km

(

1 −
Rl
Rp

) , (A.16) 

Alm = R2
l

(
3slmR2

l
6km

+
ql

km
−

Rl

3km

(
Rpslm + ρmHm

)
)

, (A.17) 

and 

Blm = Tp −
Alm

Rp
+ ρmHm

R2
p

6km
. (A.18) 

The thermal energy that corresponds to Tlm is given by (Eq. 3) 

ℰlm = ρmcm

(

Alm2π
(

R2
p − R2

l

)
+ Blm

4π
3

(
R3

p − R3
l

))

+ρmcm

(

−
(
slmRp + ρmHm

) 4π
30km

(
R5

p − R5
l

)
+ slm

4π
36km

(
R6

p − R6
l

))

.

(A.19) 

The surface heat flux that is radiated to space is 

qp = − km

(
3slmR2

p − 2Rp
(
slmRp + ρmHm

)

6km
−

Alm

R2
p

)

. (A.20) 

The abundance of radioactive species 232Th, 40K, 235U, 238U decreases exponentially with time, with a lifetime that varies per radiogenic con
stituent. We accordingly describe the radiogenic production of heat per unit of mass by 

Hm =
∑

i∈{232Th,40K,235U,238U}

Xi,0Iie
−

1
τi , (A.21) 

where τi is the average lifetime of radiogenic element i ∈
{232Th,40K,235U,238U

}
, Ii is the energy release of radiogenic species i per unit of mass decay, 

and Xi,0 is the concentration in the mantle of radiogenic constituent i at the beginning of the evolution (at which we set t = 0). The initial concentration 
of radiogenic elements can be written in terms of present-day concentrations by 

Xi,0 = Xie
Δt
τi , (A.22) 

where Xi is the present-day abundance of radiogenic element i in the mantle and Δt is the timespan between present-day and the start of the thermal 
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evolution scenario (we set t = 4.5 Gyr at present day, such that Δt = 4.5 Gyr). The internal heat production in Vcm and Vlm are given by 

Qcm = ρmHm
4π
3
(
R3

l − R3
c
)

(A.23) 

and 

Qlm = ρmHm
4π
3

(
R3

p − R3
l

)
. (A.24) 

To test the importance of implementing that Slm varies linearly with depth as in Eq. (21), we compared the obtained thermal evolution with a 
scenario in which we adopt a uniformly distributed Slm. The results, shown in Fig. A.7, indicate that the differences in adopting either a uniform of 
linear variation with depth of Slm has a very minor effect on the obtained thermal evolution. The difference is on the order of 0.01 K on Tc and on the 
average mantle temperature and on the order of 10− 4 mW⋅m− 2 on qc and qp.

Appendix B. Calibration and discussion of parameters that describe the mantle’s thermal behaviour

Our thermal evolution model of the mantle closely follows that of Thiriet et al. (2019), but differs from it on four aspects. Firstly, we have assumed 
that heat flux is continuous at Rl and we determine the growth rate of Vlm by enforcing strict energy balance of Vlm and Vcm. Thiriet et al. (2019) and 
many other studies before (Schubert et al., 1979; Stevenson et al., 1983; Morschhauser et al., 2011; Grott et al., 2011) adopt a discontinuity of heat flux 
at Rl, which is used with a local energy balance principle to determine the growth rate of the lithosphere. Secondly, we have considered the entire 
temperature profile Tcm, including thermal boundary layers, in the energy balance considerations of Vcm whereas Thiriet et al. (2019) and the cited 
other studies assume for heat balance considerations that Tm is the average temperature in Vcm. However, Tm is not equal to the average temperature of 
Vcm and the time variation of Tm is not necessarily equal to the time variation of the average temperature in Vcm. Particularly when thermal boundary 
layers grow to a substantial size, which is the case in thermal evolution models where convection strongly weakens or ends during the considered 
evolution, this practise introduces an error. Thirdly, we parameterise Tlm by considering that energy is balanced, by assuming that surface temperature 
is constant and the cooling rate varies with depth. To this end, we adopted a solution of the conduction equation in which secular cooling varies 
linearly with depth (Eq. 20). This approach is a simplification as compared to solving the conduction equation numerically, as is done by Thiriet et al. 
(2019). Finally, we have parameterised a smooth transition from convective state of the mantle to a conductive state of the mantle which has not been 
considered previously.

Fig. B.8. Computed error of fit (Eq. B.2) for comparing the parameterised thermal evolution model with the 2D thermal evolution mantle convection simulation. The 
first 200 million years of the thermal evolution are excluded. (left) Error of fit computed over the entire evolution. (right) Error of fit computed considering only the 
first two billion years of the thermal evolution. Errors above 3.0 are truncated to 3.0.
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Fig. B.9. Temperature profiles of the mantle at t = 200 Myr, t = 1 Gyr, t = 2.5 Gyr, t = 3.5 Gyr, and t = 4.5 Gyr produced by the mantle convection simulation using 
the Gaia code (dashed lines) and produced by out thermal evolution model using parameters arh = 2.1 and βu = 5.1 (solid lines).

For the purpose of comparison with Thiriet et al. (2019), in this appendix we treat the core as a thermal capacitor without heat sources 

dTc

dt
= −

qc4πR2
c

ρccc
4π
3 R3

c
, (B.1) 

with ρc and cc the density and heat capacity of the core. Fig. 2 shows the main heat balance of the mantle; the average mantle temperature and the heat 
fluxes in (qc) and out of the mantle (qp) save for production of radiogenic decay which is identical among the compared scenarios. Only the first two 
billion years of evolution is computed by Thiriet et al. (2019) and available for direct comparison, because mantle convection becomes weak and the 
parameterised model of mantle convection inappropriate. Using identical parameters as in Thiriet et al. (2019) our thermal evolution model yields qc 

at 2 billion years of 6.8 mW⋅m− 2, which is about 1 mW⋅m− 2 lower than that of Thiriet et al. (2019) (Fig. 2). For this reason, the mantle cools slightly 
faster in our thermal evolution model as compared to that of Thiriet et al. (2019) (Fig. 2). We have tested whether this difference in the evolution is 
related to our parameterised conductive heat transfer through the lithosphere as opposed to solving the conduction equation numerically. But the 
magnitude of the error that results from our simplified conductive heat transfer is much smaller than this difference. Neither can the transition from 
convective to conductive state of the mantle be the cause of this difference because this transition has not yet begun in the modelled period. The minor 
difference between Thiriet et al. (2019) ‘s and our model is likely related to differences in (dis)continuity assumptions of the heat flux at Rl and by the 
different heat balance considerations of Vcm that are described above.

Although the differences between our thermal evolution model of the mantle and that of Thiriet et al. (2019) is minor - our CMB heat flux is about 1 
mW⋅m− 2 lower - this difference does motivate us to re-calibrate parameters arh and βu which largely control the mantle’s thermal behaviour. As a 
benchmark for the thermal behaviour of Mercury’s mantle, we perform a 2D mantle convection simulation with the Gaia code in 2D spherical annulus 
geometry (Hüttig et al., 2013; Fleury et al., 2024) using identical parameter values as in the simulation of Thiriet et al. (2019), which are also listed in 
Table 1. We vary arh and βu of the parameterised model and compute an ‘error of fit’ as a weighed sum of differences between the surface heat fluxes, 
CMB heat fluxes and average mantle temperature, between our parameterised thermal evolution model and the simulated evolution as 

Err =
t

tend − t0

∫ tend

t0

⃒
⃒qc − qc,sim

⃒
⃒

3mW⋅m− 2 +

⃒
⃒
⃒qp − qp,sim

⃒
⃒
⃒

3mW⋅m− 2 +
|T − Tsim|

20K
dt, (B.2) 

where T is the volume average temperature of the mantle, variables subscripted by ‘sim’ correspond to the simulated evolution, other variables 
correspond to the parameterised evolution, and t0 and tend correspond to the start and end of the time period over which the error is calculated. We set 
t0 = 200 Myr and set tend either at 2 Gyr or 4.5 Gyr. The weights that are used in Eq. (B.2) are the same as those adopted in Thiriet et al. (2019) and 
make sure that the differences of each of the three considered variables contribute a similar magnitude to the calculated error.

The results are shown in Fig. B.8. Largest errors are obtained if we calculate the error exclusively over the first 2 Gyr where the mantle is in 
convective state, because conduction that dominates the latest half of the evolution is accurately modelled both in the simulation and in the para
meterised thermal evolution model, such that the evolutionary trajectories converge during that time-period. The lowest errors are obtained with 
arh = 5.1 and βu = 2.1, and a comparison between the thermal evolution of the mantle convection simulation and our thermal evolution model with 
these parameter values is shown in Fig. B.9 and Fig. 2). We remark that the CMB heat flux of our 2D simulation is slightly larger than that of Thiriet 
et al. (2019)’s model (Fig. 2). It is possible that the spherical annulus geometry of our numerical simulation causes a slight overestimation of the CMB 
heat flux (Thiriet et al. (2019)). We note that arh = 4.0 and βu = 0.25 should be used with our thermal evolution model to closely approximate the 
thermal evolution of Mercury simulated by Thiriet et al. (2019).

Convective flow strongly weakens shortly after 2 billion years in the simulated 2D mantle convection simulation which leads to a decrease of the 
CMB heat flux between 2.0 and 3.9 billion years (Fig. 2). The CMB heat flux increases at about 3.9 billion years in this thermal evolution scenario while 
conductive heat transfer becomes dominant (Guerrero et al., 2021). The transition from convective state to conductive state is modelled in our 
parameterised thermal evolution models by x1 and x2 (Eq. 19). We best approximate the simulated thermal evolution by invoking a relatively rapid 
transition from convective to conductive heat transfer that starts when the thermal boundary layers occupy almost half of the thickness of the 
convective mantle, which occurs at about 2 billion years in this thermal evolution scenario. Accordingly, we set x1 = 0.53 and x2 = 2 (Fig. 2).
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Appendix C. Expressions for the core’s temperature profile

In this appendix, we list expressions for variables in Section 2.3. Because the heat flux vanishes at the planet’s center, Tic simplifies to 

Tic(r) = −
Sic

6kc
r2 +Bic, (C.1) 

The parameters in Eq. (C.1) are given by 

Bic =
5ℰic − ρccc4πTiR3

i

ρccc
8π
3 R3

i
, (C.2) 

and 

Sic = 6kc
Bic − Ti

R2
i

. (C.3) 

The heat flux from Vic to Vac is 

qi = Si
Ri

3
. (C.4) 

Since temperature and heat flux at Rs are continuous, qs can be expressed as 

qs = − kc
dTsc(Rs)

dr
= − kcT0

∑n

j=2
jτjRj− 1

s . (C.5) 

In Vsc, we again use the steady-flux solution of the conduction equation (Knibbe and Van Hoolst, 2021) 

Tsc(r) = −
Ssc

6kc
r2 +

Asc

r
+Bsc. (C.6) 

The variables in Eq. (C.6) are given by 

Ssc = −
4π
(
qcR2

c − qsR2
s
)

4π
3

(
R3

c − R3
s

) , (C.7) 

Asc =
qcR2

c
kc

−
SscR3

c
3kc

, (C.8) 

and 

Bsc = Ts −
Asc

Rs
+

SscR2
s

6kc
. (C.9) 

The thermal energy that corresponds to Tsc is 

ℰsc = ρccc

(

Bsc
4π
3
(
R3

c − R3
s
)
+Asc2π

(
R2

c − R2
s
)
− Ssc

4π
30kc

(
R5

c − R5
s
)
)

. (C.10) 

The heat production in Vic, Vac, and Vsc become 

Qic =
4π
3

R3
i ρcHc, (C.11) 

Qac = QG,ac +QL +
4π
3
(
R3

s − R3
i
)
ρcHc, (C.12) 

and 

Qsc = QG,cc +
4π
3
(
R3

c − R3
s
)
ρcHc, (C.13) 

where Hc is the radiogenic heat production in the core per unit of mass. 
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Fig. C.10. Thermal expansion of Fe-7wt%Si-1wt%S-1wt%C of the FESIC model of Knibbe et al. (2021) as a function of pressure, evaluated at 2000 K.

Appendix D. Entropy balance of the core

The core’s entropy balance is obtained by integrating the local entropy equation over the core. Neglecting diffusive transport of light elements, as 
we have done in the thermal evolution model because compositional diffusivity is small, the local entropy equation is (Landau and Lifshitz, 1987; 
Lister and Buffett, 1995; Gubbins et al., 2004) 

ρc
ds
dt

=
∇⋅kc∇T

T
+

ρcHc

T
+

ϕ
T
, (D.1) 

with s local entropy, ∇⋅kcT dissipation by conduction and ϕ dissipation by viscous and ohmic friction. We note that ohmic friction is commonly 
assumed to dominate in a low-viscosity liquid planetary core (Lister and Buffett, 1995; Gubbins et al., 2004). Using the thermodynamic identity and 
definitions of heat capacity and thermal expansion, the left hand side of Eq. (D.1) can be expanded as 

Tρc
ds
dt

= ρccc
dT
dt

− ρcT
dμ
dt P,X

dX
dt

− Tαc
dP
dt

, (D.2) 

where T(dμ/dt)P,X, with μ the chemical potential, is the heat of reaction, and the right-most term describes pressure-heating. Because heat of reaction 
and pressure heating have a minor contribution to the heat and entropy production of the core (Lister and Buffett, 1995; Gubbins et al., 2004; Nimmo, 
2007), we have neglected these in our thermal evolution model and the two right-most terms are zero for the thermal evolution scenarios of this paper. 
A conductive temperature profile has been adopted in the thermally stratified region in the liquid core and in the inner core, such that 

ρccc
dT
dt

= ∇⋅kc∇T+ ρcHc +ϕX, (D.3) 

where ϕX is ohmic dissipation of work done by FX which is absent in the inner core. Substitution into Eq. (D.1) shows that the entropy production in the 
inner core vanishes (Eic = 0) and that entropy is in the thermally stratified region of the liquid core exclusively produced by the transport of light 
elements 

Esc =

∫

Vsc

FX

T
dV. (D.4) 

To estimate the entropy production in the thermally convective region, we integrate Eq. (D.1)
∫

Vac

ρc
ds
dt

dV =

∫

Vac

∇⋅kc∇T
T

dV +

∫

Vac

ρcHc

T
dV +

∫

Vac

ϕ
T

dV. (D.5) 

This first term on the right-hand side can be manipulated using the divergence theorem 
∫

Vac

∇⋅kc∇T
T

dV =
Qi

Ti
−

Qs

Ts
+

∫

Vac

kc
(∇T)2

T2 dV. (D.6) 

By rearranging terms and expanding Qs in terms of all the internal sources of heat, we obtain 
∫

Vac

ϕ
T

dV =

∫

Vac

(
1
Ts

−
1
T

)(

ρcHc − ρccc
dT
dt

)

dV

+

(
1
Ts

−
1
Ti

)

(QL + Qi) +
Qs

Ts
−

∫

Vac

kc
(∇T)2

T2 dV.
(D.7) 
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This equation can be abbreviated as Eac = EH + ES + EL + Ei + EG,ac − Ek and similar forms of this equation have been given in other literature 
(Labrosse, 2015; Lister and Buffett, 1995). We remark that we use Ts instead of Tc in these expressions and that the integrals are over Vac, whereas other 
studies commonly perform the integral over the entire liquid core. But these expressions are, in fact, equivalent, as can be shown from applying the 
divergence theorem on the expression of Ek for Vsc, and using that the temperature profile satisfies the conduction equation. This equation is also 
equivalent to that of Lister (2003), aside from a term that describes ohmic dissipation in the inner core. Eq. (D.7) is slightly different from that used in 
Nimmo (2007); Williams et al. (2007); Greenwood et al. (2021a), in which the term Qi/Ti is not present and the integrals include the inner core. By 
implementing an adiabat in the thermally stratified inner core, their procedures implicitly assume a downward convective heat flux through the inner 
core and the adopted entropy balance counts for the corresponding entropy consumption in the inner core.

Finally, we remark that Esc is already in the form of Eq. (41) of the main paper and that EH, ES, EL, Ei, EG,ac, and Ek can be written as 

EL = QL

(
1
Ts

−
1
Ti

)

=

∫

Vac

− ∇T
T qL

T
dV, (D.8) 

with 

qL(r) =
QL

4πr2, (D.9) 

EGac =
QGac

Ts
=

∫

Vac

FX

T
+
− ∇T

T qG

T
dV, (D.10) 

with 

qG(r) =
∫ r

Ri

4πx2ϕGdx, (D.11) 

EH =

∫

Vac

(
1
Ts

−
1
T

)

ρcHc dV =

∫

Vac

− ∇T
T qH

T
dV, (D.12) 

with 

qH(r) = ρcHc
4π
3
(
r3 − R3

i
)
, (D.13) 

ES =

∫

Vac

−

(
1
Ts

−
1
T

)

ρccc
dT
dt

dV =

∫

Vac

− ∇T
T qS

T
dV, (D.14) 

with 

qS(r) =
∫ r

Ri

− 4πx2ρccc
dT
dt

dx, (D.15) 

Ei = 4πR2
i qi

(
1
Ts

−
1
Ti

)

=

∫

Vac

− ∇T
T qi

T
dV, (D.16) 

with 

qI(r) =
qi4πR2

i
4πr2 , (D.17) 

and 

Ek =

∫

Vac

kc
(∇T)2

T2 dV =

∫

Vac

− ∇T
T qk

T
dV. (D.18) 

with 

qk(r) = − kc∇T. (D.19) 

We can now write the entropy balance as EΦ = EL + EG,ac + EG,sc + EH + ES + Ei − Ek. Using q*
T = qT − qk, with qT = qL + qG + qH + qS + qI and 

realising that FX = 0 in the (assumed compositionally stratified and not convective) inner core and FT = 0 in the thermally stratified region of the 
liquid core, we obtain Eq. (41) of the main paper.

Data availability

The code that is developed for this study and used to produce the 

results in this paper is freely available at an online repository (Knibbe, 
2024).
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