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Motivation
• understand Mercury’s present-day thermal state, evolution, dynamo field generation (use 1d 

parameterised evolution model → Nicolas talk from 28.05.25)


• use insights from thermal evolution and desiderata of successful numeric dynamo 
simulations to refine present-day interior structure inferences about the structure of the core
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• data: libration amplitude, MOI, k2


• can we devise plausible thermal evolution settings that agree with those findings? 



Mercury dynamo features and numerical simulations

• thick upper core stable layer >~700 km and inner core ~400-1000 km


• degree 1 CMB heat flow pattern (reason ?)


• homogeneous CMB heat flow pattern, single diffusive bottom driving (latent heat, inner core cooling, no or very weak (?) gravitational power from light element release)


• homogeneous CMB heat flow pattern, double diffusive volumetric driving (without latent heat, no inner core cooling, possible??)

where B is the magnetic field strength, x the electrical conductivity, ' the mass density, and 2 the planetary
rotation rate. While we expect it to be M ≈ 1 it is only about M ≈ 10→5 at Mercury's surface (Wicht &
Heyner, 2014).

Over the past decades, several dynamo studies proposed different model solutions in order to explain the observed
magnetic field strength and structure. Table 1 therefore provides an overview of important model setups and their
resulting field characteristics, which are explained in detail below.

Owing to its close proximity to the Sun, Mercury is exposed to a strong solar wind which interacts with the
planet's internally generated magnetic field, leading to a small magnetosphere. At the magnetopause, the
boundary of this interaction region, solcalled ChapmanlFerraro currents can generate a secondary magnetic field
oppositely aligned to the dynamo field at the polar regions. As pointed out by Glassmeier et al. (2007), it is
plausible that the longlperiod, largelscale components of the external magnetic field diffuse down to the core
region where they would interact with the internal field produced by the dynamo. This feedback mechanism might
account for Mercury's weak magnetic field as demonstrated by simplified meanlfield dynamo models (Heyner
et al., 2010; Heyner, Schmitt, et al., 2011). Depending on the dipole orientation and field strength, fully nonlinear
dynamo simulations showed that a homogeneous external magnetic field can weaken the internal field generated
by the dynamo (GómezlPérez & Solomon, 2010; GómezlPérez & Wicht, 2010). Furthermore, Heyner, Wicht
et al. (2011) have been able to demonstrate that an external field depending on the internal dynamo field strength
is able to maintain a weak internal magnetic field if the initially imposed internal field is also weak. For instance,
the onset of dynamo action or polarity reversals of the dipole field would allow for a weak internal field strength.

Table 1
Summary of Dynamo Models to Explain Mercury's Magnetic Field Properties From Various Studies

Model setup Magnetic field properties

Convective driving Inner core size
Stable layer?
(Thickness)

Therm.
Boundary
condition
at CMB

Imposed
external
magnetic

field?

Weak
magnetic

field?
Axisymmetric

field?

Persistent
offset dipole

field? Reference
Singleldiffusive/bottom

driving
a ↑ 0ω35–0.60 Yes

↓ds ↑ 0ω56 → 0ω7↔
Homogeneous

(isothermal)
No Yes Yes No Christensen (2006),

Christensen and
Wicht (2008)

Doubleldiffusive/bottom
driving

a ↑ 0ω35 Yes
(ds ↑ 0ω36–0.44)

Homogeneous
(fixed heat
flux)

No No No No Manglik et al. (2010)

Singleldiffusive/bottom
driving

a ↑ 0ω34 Yes (double snow
layer)

Homogeneous
(fixed heat
flux)

No Yes Yes No Vilim et al. (2010)

Singleldiffusive/bottom
driving

a ↑ 0ω35 No Homogeneous
(isothermal)

Yes Yes Yes No Glassmeier
et al. (2007),
Heyner,
Wicht, et al. (2011)

Singleldiffusive/volumetric
driving

a ↑ 0ω2 No SH degreel2
heat flux
pattern

No No Yes Yes Cao et al. (2014)

Singleldiffusive/bottom
driving

a ↑ 0ω05→0.50 Yes
(ds ↑ 0ω31→0.54)

SH degreel1
heat flux
pattern

No Yes Yes Yes Tian et al. (2015)

Doubleldiffusive/therm.
volumetric driving/
comp. bottom driving

a ↑ 0ω2 Yes ↓ds ↑ 0ω625↔ Homogeneous
(fixed heat
flux)

No Yes Yes Yes Takahashi et al. (2019),
this study

Singleldiffusive/bottom
driving

a ↑ 0ω2 Yes ↓ds ↑ 0ω625↔ Homogeneous
(fixed heat
flux)

No Yes Yes Yes This study

Note. The inner core size is expressed by the ratio a ↑ riε ro, where ri and ro are the inner core radius and outer core radius, respectively. The stable layer thickness is
given by ds ↑ ↓ro → rs↔ε ↓ro → ri↔ , where rs is the radius of the bottom of the stable layer.
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Kolhey 

• dipole aligned with rotation axes, shifted by ~480 km northward


• weak dipole ~200 nT (Earth 29405 nT) and large quadrupole/dipole


• small scale and high frequency components of magnetic field are strongly attenuated ⇒ filtered out by thick upper core stable layer (skin effect)

(from Kolhey 2025)



1D parameterised thermal evolution models with dynamo action
• based on heat balance consideration to model thermal evolution of core and 

mantle


• uses entropy balance to assess dynamo action in the core (allows to characterise 
ohmic dissipation within the core that is directly related to dynamo power) (e.g. 
Davies 2024) ⇒ difficult to relate to magnetic field strength at surface 
Dynamo power drivers: 

• core cooling (~mantle) ⇒ thermal conductivity, mantle viscosity, HPE, mantle 
melting, …


• inner core freezing (latent heat at icb) ⇒ liquidus, light element identity (Si, S, 
C,..)


• partitioning of light elements between solid and liquid core ( gravitational 
energy, volumetric) light element identity: 
S (d~0, high) > C (d~0.3) > Si (d~1, low)


• employs thermodynamic and transport properties of the core and mantle


• persistent feature of parameterised thermal evolution models: 
cmb heat flow is sub-adiabatic in the core ⇒ modelling must account for sub-
adiabatic cmb heat flow 



Effect of core on global thermal state

• simple core and core model without TB lead to very similar thermal evolution (mantle stops convecting: 2.7 Gy, 2.6 Gy)


• with TB


• thick thermal boundary layer


• core and mantle cool slower, mantle convection runs longer (3.6 Gy)


• centre core temperature drops faster inner core nucleation occurs much earlier (~2 Gy) 

3 cases (all using Tempura 1d mantle code, Baumeister+2023)


• neglect detailed core structure (no inner core growing, only secular cooling)


• GD (Greenwood+Davies 2021) no TB: inner core cooling, latent heat release, secular cooling (assume outer core is adiabatic irrespective of CMB heat flow) 
https://github.com/sam-greenwood/thermal_history + coupled to interior structure model and uses structure dependent material properties (core+mantle)


• GD: like above but stable thermal layer forms if the heat flow at CMB is sub-adiabatic
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Neglecting occurrence of thermal boundary layer ⇒ strong bias on planet thermal evolution
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https://github.com/sam-greenwood/thermal_history


Recent relevant studies
• Kolhey 2025: Dynamo Models With a Mercury-Like Magnetic Offset Dipole (present-day 

dynamic dynamo simulation) 
⇒ successful models (present-day dynamo, magnetic field features, ..) ricb~400 km, 
ds~750 km, driven by latent heat released at the icb (negligible gravitational power?)


• Davies 2024: Thermal and magnetic evolution of Mercury with a layered Fe-Si(-S) core (thermal 
evolution+entropy balance) 
⇒ successful models (dynamo lifetime, crust volume, contraction) require Si>15wt%! 
(d=1), ricb~1200 km, ds~600 km


• Knibbe 2025: On the thermal evolution and magnetic field generation of planet Mercury 
(thermal evolution+entropy balance) 
⇒ successful models (dynamo lifetime, ..) require other light elements (S, C) together 
with Si (d<1) (Si effect on liquidus too small), ricb~900-1300 km, ds~600 km,..



Reason for successful Fe-Si dynamo models in Davies 2024

• assumes latent heat that is ~1.7 times larger than informed estimates based on Fe-Si thermodynamic properties 


• different thermal conductivity parameterisation (somewhat at odds with several experimental results)


• Si ≿15wt% (rcmb=2036 km )


• liquidus parameterisation of Fe-Si (much higher in core centre, ignores occurrence of eutectic (<12wt% at 40 GPa), i.e. melting temperature 
decreases with increasing Si) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

• Si>eutectic liquidus increases with Si and liquidus phase Fe-Si compound not bcc Fe(1-x)Six 


• solid liquid phase possibly less dense than liquid ⇒ up-floating Fe-Si compound ??

52 H. Ozawa et al. / Earth and Planetary Science Letters 456 (2016) 47–54

Fig. 5. The expected melting phase diagram at ∗50 (gray lines) and ∗120 GPa (black 
lines) based on the present results. Pink and blue symbols represent the composi-
tions of quenched liquid and solid (liquidus phase), respectively. The Si content in 
the eutectic liquid should be between 6.6 ± 0.1 and 7.6 ± 0.1 at 56–58 GPa and 
lower than 1.5 ± 0.1 wt.% at 127 GPa. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Change in the silicon content in eutectic liquid in the Fe–FeSi binary sys-
tem as a function of pressure. Present results are plotted together with earlier data 
(Kuwayama and Hirose, 2004; Andrault et al., 2009; Fischer et al., 2012, 2013; 
Tateno et al., 2015). Left and right arrows indicate upper and lower bounds of 
a eutectic composition. Gray band shows the range of Si concentration that ac-
counts for the outer core density deficit (Alfè et al., 2002; Sata et al., 2010;
Morard et al., 2013). A large arrow shows the possible pressure evolution of the 
eutectic liquid composition.

and is located <8.75 and <15.9 wt.% Si at 74 and 140 GPa, respec-
tively. Furthermore, Tateno et al. (2015) observed that Fe–6.5wt.%Si 
alloy was preserved to its melting temperature without decompo-
sition at pressures up to 56 GPa, suggesting that the eutectic liquid 
contains more than 6.5 wt.% Si at this pressure. Our data around 
60 GPa, however, contradict with those of Fischer et al. (2013); 
they observed a change in liquidus phase from fcc to B2 between 
62 and 74 GPa, suggesting that the eutectic composition is close 
to their starting composition (8.75 ± 0.40 wt.% Si) in this pres-

sure range. Fischer and others employed in-situ XRD data, but it 
is indeed difficult to determine the liquidus phase based on XRD 
measurements for a composition close to eutectic, because two 
phases are consumed in a small temperature range while temper-
ature gradient is relatively large in a laser-heated DAC.

The present study, together with earlier results (Andrault et 
al., 2009; Fischer et al., 2012, 2013; Tateno et al., 2015), shows 
the pressure evolution of the eutectic composition. The Si con-
tent in eutectic liquid in the Fe–FeSi binary system gradually de-
creases with increasing pressure as illustrated in Fig. 6. Indeed, it 
must be larger than the maximum solubility of silicon in solid 
iron, which is known to have positive and negative dependence 
on pressure and temperature, respectively (Fischer et al., 2013;
Tateno et al., 2015). The reduction of Si concentration in eutec-
tic liquid at high pressure suggests that the temperature effect is 
more important (note that a eutectic temperature increases with 
increasing pressure).

5. Silicon in the core?

5.1. Is silicon a single light element in the core?

The present results demonstrate that the Si concentration in a 
eutectic liquid in the Fe–FeSi binary system is less than 1.5 wt.% 
at the core pressure range (Fig. 6). If the Earth’s core includes sil-
icon as a single light element, the Si content in the liquid outer 
core must be lower than a eutectic composition at the inner core 
boundary (ICB); otherwise, the outer core crystallizes Si-rich solid, 
which is lighter and thus cannot form the inner core. Consider-
ing a pressure effect on the eutectic composition observed above, 
the eutectic liquid should contain less than 1.5 wt.% Si at the ICB. 
It precludes the possibility that silicon is the sole light element 
in the core because 1.5 wt.% Si is too small to account for the 
density deficit of the outer core from pure iron. Earlier experi-
mental and theoretical studies suggested that 5 ± 0.5 to 12 wt.% 
Si is required to explain the outer core density (Alfè et al., 2002;
Sata et al., 2010; Morard et al., 2013).

Present experiments also show that the liquid–solid two-phase 
loop on the Fe-rich side of the eutectic remains extremely narrow 
at 34 and 58 GPa (solid and liquid include 6.1 and 6.6 ± 0.1 wt.% 
Si, respectively, at 58 GPa, Fig. 1b), similar to the case at 1 bar 
(Kubaschewski, 1982). It is likely that such a liquid–solid loop re-
mains very narrow at higher pressures including the ICB pressure 
as predicted previously by ab initio calculations (Alfè et al., 2002). 
If this is the case, the relatively large density jump (∗5%) across 
the ICB is not reconciled with the Fe–Si binary system.

5.2. Is ∗6 wt.% Si in the core plausible?

While silicon cannot be a single core light element, geochem-
ical and cosmochemical arguments strongly require a substan-
tial amount of silicon in the core. The Mg/Si atomic ratio of 
the Earth’s upper mantle (∗1.3) is much higher than that of CI 
meteorites (∗1.0). This “missing silicon” problem is reconciled 
with 5 to 7 wt.% Si in the core (O’Neill, 1991; Allègre et al., 
2001). Furthermore, the difference in 30Si/28Si ratio between me-
teorites and terrestrial rocks is explained by isotopic fractionation 
between metal and silicate during core formation, resulting in 
∗6 wt.% Si in the core (Georg et al., 2007; Fitoussi et al., 2009;
Shahar et al., 2009).

It is possible that the core originally included about 6 wt.% Si 
and subsequently became depleted in silicon to less than 1.5 wt.% 
after the crystallization of SiO2 (Hirose et al., 2015) or MgSiO3
(O’Rourke and Stevenson, 2016). For example, the previous metal–
silicate partitioning experiments by Siebert et al. (2012) demon-
strated that liquid Fe containing 5.8 wt.% Si and 6.8 wt.% O coex-
isted with a peridotitic silicate melt at 50 GPa and 3700 K. Such 
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Parameter exploration study: Fe-Si 
rcmb=[1980,2030] km, Tcmb=[1900,2275] K, log(η/1Pa s)=[19.5,23]

• runs on core cooling and latent heat agrees with Fe-Si phase diagram (Si≾eutectic), thermodynamic properties of mantle and core are (p,T), composition, and parameter 
dependent


• successful models (past and present-day dynamo, entropy>1MW/K) have


• core radius: 1980-2010 km ; Tcmb,t=0: 2200-2275 K; ref. viscosity: 1022.5 -1023 Pa s


• crust thickness: 18-50km, lithosphere thickness 310-345km


• Si:5-9wt%, inner core radius: 1335-1430 km, thermal boundary thickness: 550-655km, convective layer thickness: 1-85 km, core cooling: 135-260 K


• inner core larger than “dynamo” model range: 400-1000 km (Kolhey 2025)


• entropy available to drive the dynamo ≲3 MW/K early dynamo ≲1 MW/K ⇒ likely challenging to explain early dynamo


• not yet explored: mantle HPE, solidus/liquidus parameterisation, mantle composition, other light elements in the core
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Summary
• thermal evolution results that agree with the occurrence of a past and 

present dynamo can significantly reduce the set of geodesy compatible 
Mercury models (inner core radius, mantle thermal state, core 
composition, …)


• other light elements together with Si are vey likely required to explain past 
and present-day dynamo action


•  result lean heavily on thermodynamic and transport properties (core alloy 
melting entropy, …)


