
Abstract

The presence of a Mercurian magnetic field implies a lower bound on the net heat flow into Mercury's mantle from its core. The required heat flow from the core (estimated at a minimum of 12 mW/m 2) has often been 
interpreted as evidence for ongoing convective flow in the mantle. However, recent studies suggest Mercury's iron depleted mantle may have a higher thermal diffusivity than the silicate shells of other rocky bodies, with 
consequences for its cooling history. We model Mercury's mantle starting from a post magma-ocean state, and examine the evolution of core heat flux over 5 billion years. Core-mantle boundary (CMB) heat loss is 
calculated using full 3D mantle convection simulations for thermal diffusivities, κ, ranging from 1 - 3 mm2/s and initial radiogenically supplied uniform mantle heating rates, χ, of 0 - 40 pW/kg that decay with a 3 Gyr 
half-life. Several scenarios can unfold for the range of parameters we consider. These include cases featuring both the cessation of mantle convection and its continuation at 4.5 Gyr. Moreover, both scenarios can occur with 
and without solidification of the core. We map a trend in κ - χ space and find that for some parameters ( κ > 1 mm2/s and χ ≤ 30 pW/kg) conductive cooling of the mantle will result in a core heat flux that is in excess of 
12 mW/m2 at present-day while an at least partially molten core is maintained. In such cases, we find that the mean core heat flux reaches a temporal local minimum when the mantle transitions from a convective to a 
conductive regime and subsequently climbs before decreasing. The transition to conduction is delayed with increased internal heating rate but for a given mantle heating rate the maximum mean heat flux from the core into 
the conducting and cooling mantle is always greater than the heat flux observed at the cessation of the stagnant-lid convection. Delay time for reaching the maximum heat flux attained following the local minimum can 
exceed 1 Gyr. Finally, we consider cases with an initially more vigorously convecting mantle and find that a reduced reference viscosity (by a factor of 5) marginally reduces the basal heat flux at present day but still allows 
for results where the heat flux exceeds 12 mW/m2 in the κ - χ space considered.

Figure 1: The effect of increasing χ on Mercurian evolution when κ = 2 mm2/s

Did the cessation of convection in Mercury’s mantle allow for an increase in the rate of heat loss from its core?

Figure 3: The effect of increasing convective vigor on dynamo-compatible cases

Figure 2: The effect of increasing κ on Mercurian evolution when χ = 30 pW/kg

Figure 4: Temperature field snapshots featuring κ = 1 and 2 mm2/s and χ = 0 and 30 pW/kg

Conclusions

- For the lower internal heating rates tested, an increased basal heat flux would rapidly cool and solidify the core. For the higher rates tested, the resulting 
increased temperature of the mantle insulates the core and inhibits heat extraction.

- An intermediate state between these two outcomes and Mercurian dynamo-compatible cases were found for a narrow range of χ when κ ≥ 1.5 mm2/s.

- Obtaining a heat extraction in excess of 12 mW/m2, while maintaining a molten core, is sensitive to mantle thermal diffusivity and requires that some degree 
of mantle internal heating must be present.

- A decrease in reference viscosity results in a more vigorously convecting mantle in the early history of Mercury. 
The cessation of convection is delayed compared to a higher reference viscosity case. 

- At present day the sensitivity of heat flux to the reference viscosity is marginal. 

- Mantle convection in the stagnant-lid regime may have been compatible with an ancient Mercurian dynamo but core cooling rates may have subsequently 
dropped below those supporting dynamo operation.

- We suggest conduction into a cooled mantle re-established the required gradient for a dynamo (either sustained or at a later time) as observed at the present day.

- We propose that given the sensitivity of Mercury’s cooling history to its mantle’s thermal diffusivity and the potential uncertainty in that parameter, the transition 
from convection to conduction may play a decisive role in determining the evolution of Mercury’s magnetic field.

Figure 5: Dynamo-compatible regime plot in χ - κ parameter space
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Methods

- Mercurian mantle convection is modeled over 5 billion years featuring a 
cooling core and decaying internal heating employing a 3D spherical shell 
geometry using STAGYY[1].  

- STAGYY solves the equations for conservation of mass, momentum and 
energy, (1)-(3), for an incompressible, Boussinesq (4), infinite Prandtl number fluid:

 

- The viscosity employed, η, is temperature dependent and follows an Arrhenius law.

η* is the reference viscosity at a reference temperature, T*.

-The maximum viscosity is limited by 1010 times the viscosity at the 
core-mantle boundary at t = 0 [6]. Thus the initial viscosity contrast is defined 
by η

max
/η

cmb
(t = 0) = 1010.
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- Our initial condition is based on the solidus of peridotite derived by Hirschmann, (2000)[2].

Where temperature is in °C and pressure is in GPa (e.g., dashed black curve in Fig1b).

- Core-mantle boundary temperature evolves according to the equation

Where the temperature of an isothermal core changes as a result of heat extracted by the mantle.

- All model parameters assumed in this study are stated in Table 1.

- The parameters varied in this study are thermal diffusivity, κ, (which is increased up to a factor of 3)
and initial internal heating (which is increased up to 40 pW/kg).  

- We assume the core has a Fe-S-Si composition and evaluate the solidus temperature at the core-mantle
boundary using the Simon equation derived by Sakairi et al., 2017 [4]. 

- Thus the core will be partially molten if T
cmb 

is above 1325 K (e.g., black dashed line Fig1a top panel).
- Estimates for the minimum core-mantle boundary heat flux required for a Mercurian dynamo 
range between 12 – 19 mW/m2 ([4],[5]). 

- We consider calculations dynamo-compatible if basal heat flux is in excess of 12 mW/m2 at 4.5 Gyr
(e.g., black dashed line Fig1a middle panel).

- The volumetric root-mean-squared velocity in the mantle, V
RMS

, is monitored to determine when 
convection ceases and conduction sets in. When V

RMS
 reaches 0 cm/yr convection has ceased.
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Table 1

Fig1a

Fig1b

- The cessation of convection is associated with a local minimum in basal heat flux. 

- Higher χ results in a decreased extraction of heat from the core to the mantle. 

Fig2a

Fig2b

- In general, mantle thermal diffusivity controls the amount of heat extracted from the core.

- The heat retained in the mantle and the cessation of convection is strongly dependent on thermal diffusivity. 

Symbols on this plot represent the cooling state at t = 4.5 Gyr

Green symbols denote F ≥ 12 mW/m2.
Orange symbols denote F < 12 mW/m2

 
Open symbols correspond to T

cmb
 < 1325 K

Circles indicate a convecting mantle. 

Downwards pointing triangles correspond 
to cases with a decreased reference viscosity 
(by a factor of 5).

- The boundary of dynamo-compatible cases in χ-κ 
space may shift to the right for decreasing convective vigor. 

Basal heat flux in mW/m2 is inscribed within each slice.

- When mantle convection persists to present day (column 4), basal heat flux falls below the minimum required to be compatible with a Mercurian dynamo.

- For cases without internal heating (column 1 and 3), convection ceases early. 

- Cases with increased κ may result in a higher basal heat flux but a frozen core (column 1).

- With increased χ, enough heat can be extracted at present-day from a partially molten core (column 2) to a conducting mantle which is compatible 
with a Mercurian dynamo. 

Fig3a

Fig3b

- An increased convective vigor extracts heat from the core much more efficiently earlier in the evolution of Mercury.

- Mercury’s early history is sensitive to its viscosity. At present day core heat loss is relatively insensitive to that parameter.
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