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Abstract The MESSENGER mission revealed that Mercury's magnetic field might have operated since
3.7-3.9 Ga. While the intrinsic magnetism suggests an active dynamo within Mercury's core, the
mechanism that is responsible for sustaining the dynamo for prolonged period of time remains unknown.
Here we investigated the electrical conductivity of Fe-S alloys at pressure of 8 GPa and temperatures up to
1,700 K. We show that the electrical conductivity of Fe-S alloys at 1,500 K is about 103 S/m, 2 orders of
magnitude lower than the previously assumed value for dynamo calculations. The thermal conductivity was
estimated using the Wiedemann-Franz law. The total thermal conductivity of FeS is estimated to be ~4
Wm/K at the Mercurian core-mantle boundary conditions. The low thermal conductivity suggests that a
thermally driven dynamo operating on Mercury is more likely than expected. If coupled with chemical
buoyancy sources, it is possible to sustain an intrinsic dynamo during time scales compatible with the
MESSENGER observations.

Plain Language Summary Mercury's weak magnetic field intensity that persisted over the last
3.9 billion years has long baffled the planetary science community. Various explanations have been
proposed; nevertheless, there has been no consensus on how intrinsic dynamo with such weak energetics
have existed in Mercury for prolonged period. In our submitted manuscript, we exclusively looked at the
electrical and thermal conductivity in Fe-S alloys, the dominant phase in planet Mercury's outer core.

Our results indicate that electrical conductivity of Fe-S alloys is 2 orders of magnitude lower than the
previously assumed value for dynamo calculations. The low thermal conductivity obtained in this study
suggests that the heat extraction from Mercury's core through the solid Fe-S layer is a highly inefficient
process. Our estimations suggest the heat-flux from the core only produces less than 1 TW of energy. The low
heat flux prevents the Mercurian core from rapid solidification, sustaining an intrinsic dynamo in Mercury
since ~3.9 Ga.

1. Introduction

The planet Mercury currently exhibits a surface magnetic field with a field strength representing 1.1% that of
the Earth's magnetic field (Anderson et al., 2011). The spin-aligned axisymmetric and offset dipole-
dominated field is considered unique among planetary magnetic fields (Tian et al., 2015). The low-altitude
magnetic field measurements by the MESSENGER mission have revealed a remnant magnetization in
Mercury's crust with age of magnetization in the range of 3.7-3.9 Ga (Johnson et al., 2015). The presence
of a magnetic field early in Mercury's history as early as 3.9 Ga and the extremely weak magnetic field
strength in present-day Mercury suggest that Mercury's magnetic field may have been active for the last
3.7-3.9 Ga. While the observed intrinsic magnetism suggests an active dynamo generated in Mercury's liquid
outer core, how Mercury's magnetic field sustained for a prolonged period of time remains puzzling even in
the light of our current understanding of the Earth and planetary dynamos (Johnson et al., 2015).

It has been suggested that Mercury's dynamo is currently generated by chemical convection (Breuer et al.,
2015; Cao et al., 2014; Chen et al., 2008; Dumberry & Rivoldini, 2015). The low magnetic field intensity of
planet Mercury has been discussed using thermoelectric (Stevenson, 1987), thin shell (Stanley et al.,
2005), thick shell (Heimpel et al., 2005), and feedback (Glassmeier et al., 2007) dynamo models. Recent
dynamo studies linked the low intensity and the axisymmetry of the magnetic field to a stably stratified
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layer with latitudinal heat-flux variations (Christensen & Wicht, 2008; Christensen, 2006; Schubert et al.,
2004; Tian et al., 2015).

The chemical composition and the internal structure of Mercury remain poorly understood mainly due to
the lack of observational constraints (Margot et al., 2018). Mercury's solid outer shell overlying the liquid
core is estimated to be ~400 km thick and believed to consist mainly of silicate minerals (Hauck et al.,
2013; Rivoldini & Van Hoolst, 2013). Recent gravity field analyses indicate that Mercury's internal structure
consists of an Fe-S-Si liquid outer core (Chabot et al., 2014; Hauck et al., 2013; Knibbe & van Westrenen,
2015; Margot et al., 2018; Rivoldini & Van Hoolst, 2013; D. E. Smith et al., 2012). A substantial number of
studies have considered S and Si as principal alloying elements in the liquid outer core (Chabot et al., 2014;
Hauck et al., 2013; Malavergne et al., 2010; Namur et al., 2016; Rivoldini et al., 2009; Schubert et al., 1988;
Stevenson et al., 1983). The presence of an inner core in Mercury has been debated (Margot et al., 2018).
Different models for Mercury's interior suggest the presence of a solid inner core, which may have formed as
a result of planetary cooling (Veasey & Dumberry, 2011). Recent estimations indicate that the diameter of
the solid inner core would be 0.3-0.7 of the diameter of Mercury's core (Genova et al., 2019).

The elemental composition analyses during the MESSENGER mission indicate 1-4 wt % of Fe and S in
Mercury's surface (Evans et al., 2012; Nittler et al., 2011). The high S abundance in the Mercury's mantle
coupled with low surface abundance of Fe suggests that Mercury may have formed from highly reduced
CB chondrites (Namur et al., 2016). The recent study based on S solubility in reduced mafic silicate melts
suggest 7-11 wt % S in the mantle and <1.5 wt % S in the metallic inner core for a bulk S contents of 4 wt
% in Mercury (Namur et al., 2016). Similarly, metal-silicate partitioning experiments indicate decrease of
S contents in the core when Si contents increase (Chabot et al., 2014). These experimental results indicate
that Mercury's core must contain Si if the S content in the core is <20 wt %. If Si contents in the core would
be >10 wt %, the S contents in the core should be <2 wt % (Chabot et al., 2014).

The unusual feature in Mercury's internal structure models is the possibility of a solid FeS layer at the core-
mantle boundary (D. E. Smith et al., 2012). The higher bulk density observed for Mercury's outer shell
appears to be compatible with a silicate mantle coupled with an FeS layer with a thickness of ~90 km
(Hauck et al., 2013; Namur et al., 2016). The immiscibility of Fe-S and Fe-Si liquids in the Fe-S-Si ternary
system would result in segregation of Fe-S from Fe-S-Si liquids when the pressure is below 15 GPa
(Morard & Katsura, 2010; Sanloup & Fei, 2004). The S contents up to 4 wt % in the silicate appear to fall
within the liquid-liquid immiscibility field of Fe-S-Si system at the Mercury core-mantle boundary (CMB)
pressure of about 8 GPa (Chabot et al., 2014; Namur et al., 2016). The origin of a FeS layer could also be
explained by the crystallization of FeS in the binary Fe-FeS system from the segregated S-rich Fe liquids
(Fei et al., 1997; Hauck et al., 2013). Due to the density contrast between solid FeS and Fe-S-Si liquid, the
crystalized FeS is expected to float, forming a stable layer beneath the silicate mantle (Hauck et al., 2013).
The possibility of a liquid FeS rich layer overlying an Fe-S-Si core has also been discussed in a recent study
(Pommier et al., 2019). In this model, an insulating liquid FeS layer with the thickness >40 km is expected to
control the heat flow from the core influencing the generation and the sustainability of Mercury's magnetic
field (Pommier et al., 2019).

While a solid FeS layer at the CMB has been an important feature in Mercury's interior models, a number of
recent studies have supported the low S contents or S absent conditions in Mercury's core, thereby question-
ing the stability of an FeS layer at the CMB (Chabot et al., 2014; Genova et al., 2019; Knibbe & van
Westrenen, 2018; Margot et al., 2018). The silicate-metal partitioning experiments (Chabot et al., 2014) sug-
gest S-free conditions, if the Si contents exceed 25 wt % in Mercury's core. However, such extreme partition-
ing of Si into the core would alter the major element ratios in the silicate mantle. Recent study investigating
the density of FeS- and S-rich liquids (Knibbe & van Westrenen, 2015) reported higher density for FeS com-
pared to the residual liquids, requiring a separate mechanism to stabilize a FeS layer at the base of Mercury's
mantle. The recent geodetic constrains indicate a slightly higher value for gravitational potential Love num-
ber than previous estimations, supporting for a warm and weak mantle rather than rigid FeS layer at
Mercury's CMB (Genova et al., 2019).

If the presence of a solidified FeS layer at the boundary between Mercury's liquid outer core and solid silicate
mantle is assumed; this could have significant implications for the core dynamics. It has been suggested that
the weak magnetic field strength observed for Mercury can be explained by the presence of conductive layer
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Figure 1. Schematic cross section of the multianvil assembly. The two sets of thermocouples placed top and bottom of the
sample serve as electrodes for electrical conductivity measurements. Inset denotes a schematic diagram showing the
electrode connections for the Kelvin (four-wire) resistance measurement technique.

overlying the convective liquid outer core (Ulrich R Christensen, 2006). Due to the stratification of the liquid
core, the convection driven dynamo operates only in the deep part of the liquid core and the dynamo field
may diffuse through the overlying conductive layers producing weak magnetic field strengths
(Christensen, 2006). The heat flow across the CMB controls the solidification of the liquid core and the
buoyancy sources available to generate a planetary dynamo (B. Buffett, 2003). The electrical and thermal
conductivities of Fe-S compounds are therefore key physical properties to understand Mercury's core
dynamics. In this study, we investigate the electrical and thermal conductivities of Fe-S alloys at high
pressure and temperature, the principal constituent of Mercury's core-mantle boundary, with the aim of
understanding the influence of Fe-S layer on the heat extraction from Mercury's core. We discuss how the
outer core composition evolution influences the heat extraction from the core of Mercury and favor an
intrinsic dynamo driven by thermal and chemical buoyancy forces and sustained for a prolonged period.

2. Methods

Three different FeS, samples with varying sulfur contents (x, in mol) 0.01, 0.02, and 0.05 were prepared mix-
ing reagent grade Fe and S powders. For the FeS (x = 0.5) composition we used commercially available
reagent grade FeS power. The powder mixtures were compressed to desired pressure and kept at 1,000 K
for more than 1 hr to obtain solid cylindrical samples for electrical conductivity measurements in multianvil
apparatus. The high-pressure and high-temperature experiments were conducted at 8 GPa up to 1,700 K
using the 1,200-t DIA-type multianvil module at the PSICHE beamline in SOLEIL Synchrotron (France).
Additional off-line experiments were performed using 1,500-t multianvil press at the Laboratoire Magmas
et Volcans, France. For high-pressure generation, we used an octahedral MgO + Cr,O; pressure medium
in a 10/4 multianvil configuration. In order to electrically insulate the sample from the Re furnace during
the measurements of electrical conductivity, we placed the polycrystalline Fe-S samples within a MgO cap-
sule. The two iron (Fe) disks placed on the top and at the bottom of the cylindrical Fe-S sample served as
electrodes for electrical conductivity measurements. Sample temperature was monitored using a tungsten-
rhenium (WosRes-W74Re,q) thermocouple junction located at one end of the sample (Figure 1).

Energy-dispersive X-ray diffraction using a CAESAR-type diffractometer (Wang et al., 2004) was used to
determine the sample pressure and verify the sample state. We use the pressure-volume-temperature
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Figure 2. Electrical conductivity of Fe-S compounds. (a) As a function of reciprocal temperature for various sulfur contents. Note that the compositions are shown
next to the fitting lines. Previous works on electrical conductivity of iron alloys are shown for comparison: A59 (Argyriades et al., 1959), D13 (Deng et al., 2013), P39
(Powell, 1939), P18 (Pommier, 2018), and P19 (Pommier et al., 2019) (b) Electrical conductivity before and after melting of FeS. The activation enthalpy

changes with melting and the electrical conductivity of molten FeS depends weakly on temperature.

equation of state of MgO to determine the sample pressure and the accuracy of pressure determination is
estimated to be ~0.5 GPa. Diffraction peaks corresponding to Fe-S alloys are clearly visible in solid
samples and the melting of Fe-S is characterized by a broad band of diffuse scattering as described
previously elsewhere (Andrault et al., 2018). We also acquired radiographic images of the sample to
determine the sample lengths, which were crucial for the accurate determination of electrical conductivity
at each temperature. The focused beam configuration used in these experiments has the advantage to
produce almost flat field corrected images, a feature usually not available when using multianvil modules
(Andrault et al., 2018).

The electrical conductivity measurements were performed using the Kelvin resistance measurement techni-
que (e.g., Deng et al., 2013). In this method, the digital multimeter measured the current going through the
subject and the voltage drop across it, eliminating the lead and contact resistance from the measurement
(Figure 1). This is an advantage for precise measurement of sample with low-resistance values such as
metals. The electrical conductivity at each temperature can be calculated using the sample dimensions
obtained using the X-ray radiograph using, o = I/RA where o is the electrical conductivity, [ is the sample
length, R is the measured sample resistance, and A is the area of the cylindrical cross section. The tempera-
ture dependence of the electrical conductivity o can be described by the Arrhenius equation: o = goe2H/ksT,
where oy is the preexponential factor, AH is the activation enthalpy in eV, kg is the Boltzmann constant in

eV/K, and T is the absolute temperature in K.

Thermal conductivity of Fe-S alloys was estimated using the Wiedemann-Franz law ¥ = LooT, an empirical
law expressing the thermal conductivity (k) as a function of the electrical conductivity of a metal (o) and the
temperature (T) through a proportionality constant Lorenz ratio (L). The Lorenz ratio approaches the
Sommerfeld derivation Lo, 2.44 x 10~® WK?, provided that the thermal conductivity is purely electronic,
the electron gas is highly degenerate, and the relaxation time is the same for electrical and thermal conduc-
tion (Klemens, 1989). The deviation of the Lorenz ratio has been observed for Fe alloys (de Koker et al., 2012;
Secco, 2017). In metallic alloys such as Fe-S, the thermal transport is a complex process due to the coexis-
tence of electron and phonon conduction. The total thermal conductivity (k) is the sum of its electronic
component (x,), and its phononic component (x,,). In high-purity metals, the electronic component domi-
nates the thermal conduction; however, in metallic alloys the heat conduction through phonon vibration
becomes significant (Klemens & Williams, 1986; Konopkova et al., 2016).
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Figure 3. X-ray diffraction patterns of FeS recorded at high temperature. (a)
Evolution with increasing temperature of the diffraction pattern for the run
performed at ~8 GPa. Red and blue dots correspond to diffraction peaks
indexed based on FeS-V and Fez04 magnetite, respectively. The ratio of
diffraction peak intensities (following the Rietveld approach) suggests pre-
sence of magnetite in the sample, which Fez0,4 could come from the una-
voidable oxidation of FeS starting material. The general drift of diffraction
peaks toward low energies is due to thermal expansion. Diffraction peaks get
thinner at high temperatures due to the release of deviatoric stresses built
upon compression at 300 K. The melting of the sample occurs between 1,400
and 1,500 K. (b-d) At 1,700 K after melting of FeS at two-theta diffraction
angles of 4, 6, and 8°, respectively.

3. Results

Our findings show that the electrical conductivity of Fe-S compounds
decreases with increasing temperature characteristic of the electrical con-
duction in metals and metal alloys (Figure 2a). We observe that even a
minor increase of sulfur contents reduces the electrical conductivity of
Fe-S alloys (Figure 2a). At 1,000 K, the incorporation of 0.01 mol of S in
Fe-S alloys decreases the electrical conductivity by 2 orders of magnitude
to 10* S/m compared to pure Fe (106 S/m; Powell, 1939). The electrical
conductivity of FeS corresponding to the sulfur content expected at the
solid layer at the Mercury's core-mantle boundary is thus expected to be
about 10> S/m at 1,700 K. This value is about 3 orders of magnitude smal-
ler than the value of 10° S/m used in previous dynamo models (D. J.
Stevenson, 2003). A change in activation enthalpy on melting of FeS
(Figure 2b) suggests a change of conduction mechanism from electronic
conduction in a solid to electrolytic conduction in FeS melt.

The melting of FeS is confirmed by the disappearance of peaks above
1,500 K (Figure 3), consistent with experimentally derived Fe-S phase
relations (Urakawa et al., 2004). The electrical conductivity of molten
FeS is about 10? S/m at 1,700 K and remains relatively unchanged with
increasing temperature.

Our measured electrical conductivities of Fe-S compositions at 8 GPa indi-
cate significantly lower values compared to the previously reported values
for Fe-S alloys (Pommier, 2018; Figure 4). While we could not determine
the exact cause of the discrepancy among different laboratory measure-
ments, it is possible that the high conductivity may originate from the pre-
sence of impurities in Fe-S alloys. For example, the experiments
conducted on Al- and Sr-doped FeS, (Osuwa & Nwaokeorie, 2014) indi-
cate that 0.02 M concentration of Al and Sr increases the electrical con-
ductivity of FeS, by more than a factor of 10. However, calculations
based on first-principle electronic band structure calculation of hcp Fe-
based alloys at 40 GPa (Gomi & Yoshino, 2018) indicate that Si impurity
concentrations up to 30 at. % is required to decrease the electrical conduc-
tivity by a factor of 100. Another possibility for high electrical conductivity
could be the partial reaction of Fe and S to form Fe-S alloy with high
Fe contents.

4. Discussion

In metallic alloys, the electrical conduction is controlled solely by the
movements of electrons, while heat is carried by both electron vibrations
and phonon collisions (Klemens & Williams, 1986). It is generally
assumed that the phonon (lattice) thermal conductivity is negligible in
metals and the electronic component is determined via the Sommerfeld

value of the Lorentz ratio (Ly). The estimated electronic component of thermal conductivity varies from
0.5 Wm/K for FeSg ; to 0.006 Wm/K for FeS at 1,300 K (Figure 5). These values represent the lower bound
of the thermal conductivity for Fe-S alloys (Pommier, 2018).

In metallic alloys however, scattering of electrons by solute atoms greatly reduces the electronic thermal
conductivity, making heat transport via lattice vibrations a dominant factor (Klemens & Williams, 1986).
Thus, for metallic alloys at high temperature, the thermal conductivity is described by the Smith-Palmer
equation (C. S. Smith & Palmer, 1935), k = LooT+D, an empirical relation linking thermal conductivity to
electrical conductivity via a constant D, which describes the temperature-dependent phonon thermal con-
ductivity (x = LooT+DT%). Due to strong solute scattering, the phonon thermal conductivity of alloys are

MANTHILAKE ET AL.

2363



Journal of Geophysical Research: Planets

10.1029/2019JE005979

ra\ 1%
100
8
10 T T T T T T T T T T
-~ O Fe(D13) FeS .
£ 10° | P18 v ]
O—
Z 4 o) ©
210 o 1
3 N |
C
8 2 )
— 107 - this study e |
© £
9 L a
% e
0 Z=)
u;'j 10° | FeS2 (OK13) =% -
0.02MAl @ Y
L ) ‘ ]
-2 pure O
10 L P ST S N S S N H R S S [
0 0.2 0.4 0.6 0.8 1

S contents in mol.

Figure 4. Electrical conductivity as a function of sulfur content in Fe-S
alloys. Electrical conductivity decreases with increasing sulfur contents.
Previous electrical conductivity data of Fe-S alloys and Fe are shown for
comparison. P18 (Pommier, 2018), A59 (Argyriades et al., 1959), D13 (Deng
et al., 2013), and OK13 (Osuwa & Nwaokeorie, 2014).

10—
~ 1300 K
X 10% ¢ i
5 - Fe
£ o - total thermal conductivity
= 10 ¢ .
> R \_‘QFesz
S o FeS | \ ]
B 107 ¢ | 3
S E g : 5-
2 o | S (300 K)
8 10 3 \,,\ 4
T i \ :
e Lc - ! .
o) 10-2 L ~_ 1 electronic i
e —— O thermal conductivity
~ L ! I

108 Lo ‘ 3 e

1.0
S content (mol)

Figure 5. Thermal conductivity of Fe-S compounds. The electronic thermal
conductivity estimated based on the Sommerfeld derivation of the
Wiedemann—Franz law for our Fe-S compositions are shown in blue circles.
The total thermal conductivity (electronic + phonon) of Fe, FeS,, and S are
shown in red circles. The thermal conductivity of FeS was estimated to be ~4
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expected to approach a constant value at high temperature (Klemens &
Williams, 1986). For example, the lattice thermal conductivity Fe-Cr-Ni
alloy systems converge into a narrow range of 4.6-6.0 W/m K at 1,000 K
(Klemens & Williams, 1986).

The lattice thermal conductivity measurements of Fe-S alloys were lim-
ited to FeS, composition, which was reported at supercooled conditions
in the temperature range 50-300 K (Popov et al., 2013). The thermal con-
ductivity of FeS, at 300 K is estimated to be 42 + 1 Wm/K. Extrapolation of
this value to high temperature based on the theoretically predicted tem-
perature dependence of phonon thermal conductivity of 7% (Klemens
& Williams, 1986) indicates that the thermal conductivity of FeS, at
1,300 K would be about 3.6 W/m K. In order to estimate the total thermal
conductivity of FeS (electronic + lattice), we have modeled the thermal
conductivity of end-member Fe-S compositions together with data from
the FeS, system (Figure 4). The thermal conductivity of Fe was calculated
from electrical conductivity data of Powell (1939). Thermal conductivity
of S at 300 K was obtained from Slack (1965). By fitting the total thermal
conductivity of Fe, FeS,, and S with powerlaw relation, we obtain a ther-
mal conductivity ~4 Wm/K for the FeS at 1,300 K (Figure 5).

The temperature at Mercury's core mantle boundary has been investi-
gated in numerous previous studies (Grott et al., 2011; Hauck et al,,
2013; Tosi et al., 2013). The solidification of FeS below the CMB can be
expected if the temperatures at the core mantle boundary decrease below
1,700 K (Breuer et al., 2015). We have obtained the thermal conductivity at
1,300 K, close to the eutectic temperature of Fe-FeS system at 10 GPa (Fei
etal., 1997; Morard et al., 2007). Due to the weak temperature dependence
of thermal conductivity at high temperature, a significant variation to the
estimated phonon thermal conductivity could not be expected within
1,200-1,700-K temperature range.

Based on our estimation of the thermal conductivity of 4 Wm/K assumed
for FeS at 1,300 K, we have computed the Mercurian core heat flow for a
range of thermal boundary layer (TBL) thicknesses and possible tempera-
ture gradients across the TBL (Hauck et al., 2013; Rivoldini et al., 2009;
Tosi et al., 2013; Figure 6). It is worth noting that our estimated value
for the Fe-S thermal conductivity at the CMB conditions is close to the
mantle thermal conductivity value usually assumed for Mercury's mantle
convection models (Breuer et al., 2010; Tosi et al., 2013) meaning that the
two reservoirs may be indistinct in terms of thermal conductivity. We
have calculated the heat flow Q based on the Fourier's law of thermal
conduction:

Q = 4Rk (AT/6)

with R, the core radius (=2,000 km for Mercury), AT the temperature dif-
ference across the thermal boundary layer, and § the boundary layer
thickness. The estimated heat flows computed from our thermal conduc-
tivity model indicate that the energy evacuated by core heat flow is ~10
TW for a TBL with a thickness of 10 km and a temperature contrast of
500 K (Figure 4). The heat flow from the core is substantially reduced
when increasing the TBL thickness, to &1 TW for a 100-km-thick TBL
layer.

To drive a dynamo in a terrestrial planet, three conditions are necessary
(e.g., Monteux et al., 2011): (1) the metallic core has to convect meaning
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flow (David J. Stevenson et al., 1983), (2) the rate of gravitational potential
energy released by convection has to be much larger than the rate of
7 ohmic dissipation (B. A. Buffett, 2002), and (3) the convective motions
] have to exhibit a complex structure to carry the magnetic field lines (lead-
ing to a critical magnetic Reynolds number; U. R. Christensen & Aubert,
- 2006). Figure 6 shows that the heat flow inferred from our study is larger
] than the adiabatic heat flow for a wide range of temperature contrasts and
thermal boundary thicknesses meaning that thermally driven dynamo is a
likely process on Mercury. Low values for both thermal and electrical con-
ductivities remain puzzling to explain Mercury's magnetic field. In the
Earth's core, values of the thermal conductivity range between 90 and
150 Wm/K (de Koker et al., 2012; Pozzo et al., 2012). Recent laboratory
measurements suggested that the thermal conductivity of polycrystalline
iron at Mercury's core conditions is 113-125 Wm/K (Deng et al., 2013).
Large thermal conductivities increase the heat flux along the core adiabat
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Figure 6. Mercury's core-mantle boundary heat flow. The calculations are

200

AT (K)

‘ 400‘ — 500 and reduce the lifetime of a thermally driven dynamo (Breuer et al., 2015).
The electrical conductivity of Fe-S at P/T conditions compatible with
Mercury's core is about 2 orders of magnitude lower than for pure iron.
To overcome a critical magnetic Reynolds number of 50 (Wicht et al.,

300

based on an average total thermal conductivity (electron + phonon) of 4 2007), 20mm/s typical flow speed is required to maintain an active
Wm/K for FeS for diverse thermal boundary layer thicknesses as a function ~ dynamo for Mercury, which is about 200 times stronger than that of the
of the temperature contrast across the TBL. The adiabatic heat flow (Qua =  Earth's outer core. Moreover, if sulfur is the major light element in

47ch2km[occgcTC/ Cp) is represented with a black horizontal dashed line
(considering R, = 2,000 km, o, = 7E — 5K, g. =4 m/ sz, T.=1,800K,and C,

=850 Jkg “K .

Mercury's core and if its weak magnetic field is related to a low electrical
conductivity, our results would also suggest a very weak magnetic field for
Ganymede, which contradicts Galileo magnetometer measurements
(Kivelson et al., 1996).

It is worth noting that the heat flux from the core is controlled by the thermal evolution of the mantle. In the
early history of Mercury, its core was likely to be liquid with Fe alloys (Fe-S, Fe-Si; Figure 7a). Consequently,
the thermal conductivity of the core was large; the primitive heat was efficiently evacuated possibly
enhanced by a surrounding partially molten silicate magma ocean. In this early regime, the dynamo was
only thermally driven. Numerical models (Tosi et al., 2013) assuming a core thermal conductivity of 40
Wm/K indicate that a thermally driven dynamo would be feasible during the first few hundred million years
of the evolution of Mercury. The value of the thermal conductivity inferred from our study would reduce the
adiabatic core heat flux threshold for thermally driven dynamo from ~20 mW/m? (Tosi et al., 2013) to ~3
mW/m?. According to Tosi et al. (2013), such a low-threshold heat flux value could be overcome during
the last ~2 Gyr of Mercury's history. Our estimations (Figure 6) indicate that such heat-flux values can be
achieved even with a presence of a thin (<1 km) FeS layer.

A low thermal conductivity within the core can enhance thermal convection by reducing the threshold
for thermally driven dynamo. In the case of a vigorous and thermally driven convection, a stratified
outer core would be difficult to envision as well as a strong skin-effect attenuation (Ulrich R.
Christensen et al., 2009). However, a low thermal conductivity of the core combined with an overlying
solid mantle would also limit the heat evacuation and favor the formation of a stable layer below the
CMB. For a thick Fe-S layer to form and to possibly affect the magnetic field of Mercury, a complemen-
tary process can be invoked such as the formation of FeS layer during the solidification of Mercury's
core. The growth of the inner core leads to an increase of the S concentration in the outer core
(Figure 7b). However, for crystallization to progress, the energy barrier for the formation of the first
nucleus needs to be overcome (Huguet et al., 2018). In the classical view, either a critical supercooling
of the core on the order of 1,000 K or transportation of solid metallic seeds from the mantle to the core
when core reached liquidus temperature are possible mechanisms that may surpass the nucleation
energy barrier. It has been proposed recently that such nucleation substrates can be present in the core
during the early in the planet’s history, leading to a slower inner core growth with smaller buoyancy
flux (Huguet et al., 2018).

MANTHILAKE ET AL.

2365



~1
AGU

100

ADVANCING EARTH
'AND SPACESCIENCE.

Journal of Geophysical Research: Planets

10.1029/2019JE005979

Acknowledgments

Discussions with David Stevenson and
Ulrich R. Christensen help improved
the manuscript. We thank the Editor
Steven A. Hauck, II, A. Pommier, and
the anonymous reviewer for their
constructive comments. G.M.
acknowledges funding from the French
PNP program (INSU-CNRS). This
research was financed by the French
Government Laboratory of Excellence
initiative ANR-10-LABX-0006, the
Région Auvergne, and the European
Regional Development Fund. This is
ClerVolc contribution number 366. The
authors confirm that the raw data
supporting the findings of this study
are available within the article
(Figures 2-4).

(a) early stage (b) intermediate stage (c) present stage

solid silicate mantle
solidification of the inner core
crystallization of FeS

solid silicate mantle

magma ocean :
9 + solid FeS layer

O
O O

O

-low heat flux
-thermally and chemically
driven dynamo

-intermediate heat flux
-thermally driven dynamo

-large heat flux
-thermally driven dynamo

Figure 7. Schematic diagram illustrating the evolution of Mercury's dynamo. The thermochemical evolution of Mercury's
interior coupled with core-mantle dynamics. (a and b) The early stages of Mercury core evolution indicate largely a
thermally driven dynamo in Mercury due to high heat flux from the core. The present Mercury should have a low heat flux
due to the presence of FeS layer at the core-mantle boundary and the dynamo may be powered by both chemical- and
thermal-driven processes.

As the Fe-S concentration increases, the thermal conductivity of the outer core should decrease (Pommier,
2018). The low thermal conductivity (4 Wm/K) inferred from our experiments means that dynamo action in
Fe-S liquid core can be driven by thermal convection. At present, the second source of buoyancy force is
likely to be related to chemical processes driven by crystallization in the iron-rich core (Breuer et al.,
2015; Dumberry & Rivoldini, 2015) but the low thermal conductivity of Fe-S means that the dynamo can
be both thermally and chemically driven (Figure 7c). The sum of these two processes may explain the long-
evity of the dynamo of Mercury. Moreover, by limiting the amount of heat flowing from the core, the solidi-
fication of the Fe-S layer may have prevented the Mercurian core (and potentially the Ganymede's core)
from rapid solidification, sustaining an intrinsic dynamo by buoyancy forces in Mercury for time scales lar-
ger than 1 Gyr compatible with the MESSENGER mission observations.
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