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Introduction: Electrical conductivity of mantle and 

core analogues is particularly relevant to investigate the 
structure and dynamics of planetary interiors. Being a 
transport property sensitive to temperature, pressure, 
and chemistry (including volatiles and fluids), electrical 
conductivity can be used to explore the present-day 
compositional and thermal state of planets and moons. 
In particular, the combination of electrical experiments 
in the laboratory (using the impedance spectroscopy 
technique) and field electrical data (using 
electromagnetic (EM) measurements) has proved to be 
efficient at placing constraints (e.g., fluid fraction, 
chemistry) on planetary mantles [1 and refs. therein, 2]. 
Electrical conductivity can also be used to study the 
state of a metallic core and investigate the generation of 
an intrinsic magnetic field by thermochemical 
convection, as suggested for the cores of Earth, Mars, 
Mercury, Ganymede, and the Moon [3-7].  

On Earth, the combination of field (EM) and lab 
electrical data is used to explore both time and space 
evolution of different tectonic contexts (e.g., subduction 
zones, mid-ocean ridges), and in particular, locate the 
origin of primary magmas, constrain the extent of 
melting, locate aqueous fluids reservoirs, and identify 
the main chemical fluxes at depth, thus providing 
critical constraints for petrological and geodynamic 
modeling [1]. Several space missions have also 
demonstrated the relevance of combining field and 
laboratory electrical measurements to probe the interior 
of planets and moons [e.g., 2, 8]. This approach, which 
does not require the presence of a lander for field 
measurements, has a unique potential to improve 
significantly and even transform our knowledge of 
planetary bodies as part of future space missions.  

In particular, the Io Volcano Observer (IVO) 
mission concept [9] will use the electrical technique to 
study the interior of Jupiter’s moon, characterized by 
tidal heating and intense volcanism. The combination of 
field electrical data (obtained using a Dual Fluxgate 
Magnetometer (DMAG) and a Plasma Instrument for 
Magnetic Sounding (PIMS)) with lab electrical 
experiments on Io analogues at relevant conditions will 
place constraints on the abundance and distribution of 
melt in Io’s mantle, therefore providing insight on the 
distribution and migration of melt at depth. This 
knowledge is necessary to understand tidal heating 
processes and the heat-pipe tectonics of Io, the latter 
being considered as an analogue for early terrestrial 
planets, including Hadean Earth [10].  

Here we emphasize the unique potential of lab 
electrical measurements to explore planetary interiors as 
part of space missions. In particular, we show that 
electrical measurements in the lab can be used 1) to 
identify the presence and storage conditions of aqueous 
fluids and melts in mantles, and 2) to characterize the 
state of metallic cores and the intrinsic magnetic field.  

Electrical models of planetary mantles: Field 
observations considered in tandem with lab electrical 
measurements and petrological constraints can be used 
to refine models of the composition and thermal state of 
silicate mantles. In particular, the presence of 
interconnected fluids (such as a melt reservoir or a 
subsurface ocean) and the presence of volatiles (e.g., 
H,C-bearing species) lead to electrically conductive 
anomalies [e.g., 8,11].  

On Earth, the interpretation of EM images across 
subduction zones using lab studies has improved our 
understanding of H and C cycles, slab dehydration, and 
upward melt migration from the mantle wedge [1]. 
Electrical lab studies applied to the mantle of the Moon 
suggested that the electromagnetic sounding data from 
the Apollo era support the hypothesis of the presence of 
interconnected melt at the base of the lunar mantle 
[2,12]. In the case of Io, tidal forcing is thought to be 
responsible for the presence of melt in the mantle. The 
amount and distribution of melt in Io’s mantle is not 
known yet and represents one of the science objectives 
of IVO. Fig.1 illustrates the importance of the geometry 
and chemistry of the melt phase on bulk conductivity.  

Figure 1: 
Laboratory-
based 
electrical 
models of a S-
rich (~7at.% 
S), Fe-rich 
(12.7at.% Fe) 
basalt in an 
olivine matrix 
at 1600K and 
2GPa using 
different 

geometries [e.g., 11, 13]. Dashed lines correspond to models 
using an Fe-free basalt with a similar S content. S-rich lavas 
have been observed at Io’s surface [13]. 

A bulk electrical value can correspond to several 
possible scenarios, due to a complex interplay between 
melt fraction and distribution, temperature, and 
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chemistry [11]. The number of plausible scenarios can 
be narrowed down using input from field observations 
(e.g., DMAG data in the case of IVO), thermal and 
petrological constraints. 

Electrical properties of metallic cores: The 
investigation of core dynamics requires constraining the 
superadiabatic heat flux, i.e. the heat available to drive 
convection, which depends strongly on the thermal 
conductivity of the core materials. Thermal conductivity 
k can be estimated from electrical conductivity s at a 
temperature T using the empirical Wiedemann-Franz 
law: k = L0 × T × s, with L0 the Lorenz number. This 
law provides lower bound estimates of k for iron alloys, 
and at first approximation, an upper bound of k for Ni-
bearing alloys can be calculated assuming a 30% 
increase in thermal conductivity values [14]. The heat 
flux qa along the adiabat in the core is then obtained: 

 
with r the core radius, a the thermal expansivity, g the 
gravity, and Cp the heat capacity [e.g., 15]. 

Applied to the cores of Ganymede and the Moon and 
assuming homogenous cores, lab electrical 
measurements up to 8 GPa provided qa estimates that 
highlight the effect of core chemistry on the heat flux 
(Fig. 2). A similar amount of heat is conducted at any 
depth along the adiabat gradient of a Fe-Ni(-S) core, 
whereas less heat is conducted down this gradient at 
shallow depth in a Ni-free core. Because variation in 
heat conduction is critical to drive convection, these 
results imply that it is possibly easier to drive 
convection in a Ni-free core than in a Ni-bearing core. 
New modeling studies considering fractional 
crystallization scenarios are required to assess the 
importance of k gradients with depth on convection. 

Figure 2: Heat 
fluxes qa across 
Ganymede and 
the Moon cores 
considering Fe-
S and Fe-S-Ni 
systems [14]. 
The red and 
yellow shaded 
areas are qa 
with varying a 
(1.05·10-4 
(±2.5·10–5) K–1). 

Dashed lines are qa values used in previous core modeling 
studies [5-6], gray areas are adiabats from [15]. 

In Mercury, the structure and present-day state of the 
metallic, Si-bearing core remains largely unconstrained 
[16]. Electrical experiments on core analogues up to 10 

GPa and under T show that, if present, an FeS layer at 
the core-mantle boundary is liquid and insulating, and 
that the electrical conductivity of a miscible Fe-Si(-S) 
core is comparable to the one of an immiscible Fe-S, Fe-
Si core (Fig. 3). Corresponding k estimates suggest that 
a thick (> 40 km) FeS-rich shell is expected to maintain 
high temperatures across the core. If temperature in this 
layer departs from an adiabat, then this might affect the 
core cooling rate.  The presence of an insulating shell is 
consistent with a thermally stratified core. 

 
Figure 3: Internal thermal (left) and electrical (right) 
structure of Mercury’s mantle and outer core [after 12]. The 
depth of the core-mantle boundary (CMB) is from [16]. 
Thermal structure for the present-day and past is from [17, 
18]. Mantle resistivity calculated using the geometric means. 

Conclusion: Lab electrical studies help understand 
the structure and dynamics of planetary mantles and 
cores. The future of space exploration would highly 
benefit from combinations of field and lab electrical 
measurements. In particular, electrical data as part of the 
IVO mission will contribute to determine the amount 
and distribution of melt at depth, which is required to 
investigate tidal heating processes.  
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Fe-S and Fe-Ni-S samples and is negligible between Fe-Ni and 
Fe-Ni-S samples. This suggests that the effect of pressure on 
resistivity depends on the alloy chemistry, and in the Fe-10Ni-
5S sample, the dependence of electrical resistivity to pressure is 
controlled by Ni impurity, not by S impurity. Different factors 
might explain these two observations; in particular, differences 
in compressibility and the phase assemblage could contribute to 
the contrasting pressure effect on resistivity. First, the Fe-S alloy 
is less dense than Fe and Ni-bearing iron alloys (e.g., Sanloup et 
al. 2000; Lin et al. 2004; Kawaguchi et al. 2017), and Fe-Ni alloys 
present a slightly higher density than pure Fe (e.g., Martorell et al. 
2015; Watanabe et al. 2016). For instance, Fe-10S at 5 GPa and 
1770 K has a density of about 5.65 g/cm3 (Sanloup et al. 2000) 
whereas the density of Fe-7.6Ni and Fe-7.6Ni-10S at a similar 
temperature and extrapolated to the same pressure is about 7.8 
and 6.8 g/cm3, respectively (Kawaguchi et al. 2017). The Fe-S 
alloy is thus more compressible than pure Fe and Fe-Ni alloys, 
which can explain at least partly the higher pressure effect on the 
resistivity of Fe-5S than on one of the other investigated alloys. 
Second, in the Fe-Ni-S sample, the small pressure-dependence 
of resistivity suggests a control of the electrical properties by 
Ni rather than S, and this might be explained by the multi-phase 
assemblage of the starting materials. The Fe-Ni-S sample is 
likely a mixture of Fe-Ni(-S) alloy with a small volume frac-
tion of Fe1–xS, as the solubility of sulfur is low in solid fcc iron 
(e.g., Li et al. 2001; Hayashi et al. 2009). The low S solubility 
in fcc Fe could result in a minor role of sulfur in controlling the 
bulk resistivity, compared to the effect of nickel that substitutes 
for Fe. The presence of two phases in the solid Fe-Ni-S sample 
may account for why Fe-Ni-S and Fe-Ni resistivity present a 
similar P dependence. Further work is required to demonstrate 
whether or not these observations about the relative effect of 
nickel and sulfur on electrical resistivity also apply to pressures 
higher than 8 GPa.

Thermal conductivity estimates of Fe-Ni alloys
Watanabe et al. (2019) demonstrated that experimentally 

measured thermal conductivities of Fe-Ni melts at atmospheric 
pressure and high temperature (1700–2000 K) are larger than 
those calculated using the Wiedemann-Franz law, due to the 
contribution of the thermal vibration of atoms to the thermal con-
ductivity of Fe-Ni alloys. The empirical Wiedemann-Franz law 
relates thermal conductivity and electrical resistivity as follows

L0 × T = k × ρ (2)

with k the thermal conductivity, ρ the electrical resistivity, L0 the 
Sommerfeld value of the Lorenz number (2.445 × 10–8/W Ω K–2), 
and T the temperature (Wiedemann and Franz 1853). In the study 
by Watanabe et al. (2019), the measured thermal conductivities k 
are on average about 29.5% higher than the ones computed using 
the Wiedemann-Franz law. This implies that (1) the empirical 
Wiedemann-Franz law provides lower bound estimates of k for 
Fe-Ni alloys, and (2) at first approximation, an upper bound of k 
can be calculated assuming a 30% increase in thermal conductiv-
ity values computed using Equation 2.

Upper and lower bounds of thermal conductivity k of Fe, Fe-5S, 
and Fe-Ni(-S) alloys were computed using the experimentally 

determined electrical resistivity values at 4.5 and 8 GPa. These 
estimates are presented in Figure 7 for temperatures >1000 K. The 
computed values of k show that Fe-Ni and Fe-Ni-S samples pres-
ent a narrow range of low thermal conductivity values at 4.5 and 
8 GPa [between ~12 and 20 W/(m⋅K)], which is consistent with 
their high electrical resistivity. A small temperature dependence is 
observed, with k slightly increasing with increasing temperature. 
These computed k values are comparable to the ones for Fe-5S at 
4.5 GPa and to Fe-15.6P obtained from electrical measurements 
at a slightly lower pressure (3.2 GPa; Yin et al. 2019), but are sig-
nificantly lower than the ones obtained for pure iron and Fe-5S at 
8 GPa (Fig. 7). This would be consistent with the hypothesis that 
the pressure dependence of both electrical resistivity and thermal 
conductivity of Fe and Fe-5S alloys is more important than the 
one of Fe-Ni(-S) alloys (and possibly, Fe-P alloys).

Application to the core of small terrestrial bodies
The pressure and temperature conditions considered in 

this study are directly relevant to the cores of the Moon and 
of Ganymede (Fig. 1). Although there is a large uncertainty 
on the composition of these terrestrial cores, it has been sug-
gested that S might be present as a major alloying component 
(e.g., Breuer et al. 2015; Rückriemen et al. 2015). Assuming a 
Fe-S core chemistry, numerical studies have suggested that the 
thermal conductivity of the Lunar core ranges from about 15 to 
65 W/(m⋅K) (Laneuville et al. 2014), and a comparable range 
of 20–60 W/(m⋅K) has been used to model the cooling of Gany-
mede’s core (Rückriemen et al. 2015). These thermal conductiv-
ity values come from computations (de Koker et al. 2012), not 
from experiments conducted at relevant pressure, temperature, 
and chemistry conditions. As shown in Figure 7a, only the lower 
bound of these assumed k estimates overlaps with the thermal 
conductivity estimates of Fe-Ni(-S) alloys. This suggests that 
these core models may have assumed k values that are too high. 
It could be a significant issue because the thermal conductivity 
determines the heat flow down the adiabat, and thus, the presence 
and structure of any thermally stratified layer at the top of the 
core and the power available to generate a dynamo.

The adiabatic heat flux (qa) can be estimated using the fol-
lowing equation

q k dT
dr

dT
dr

g T
C

a

P
a

a a � u  � u uwith D  (3)

with k the thermal conductivity, dTa/dr the adiabatic temperature 
gradient across the core, and 

� u uD g T
CP

a

being evaluated at radius r. The following values were consid-
ered: CP = 830 J/kg/K, g = 1 m/s2 (Ganymede) or 0.6 m/s2 (Moon). 
Adiabatic temperatures Ta come from Breuer et al. (2015), who 
proposed two present-day adiabats for each of the two cores using 
the same values of CP and g as above and a value of α = 9 × 10–5 
K–1. Ta ranges from about 1280 to 1380 K or from 1640–1760 K 
for Ganymede’s core and from about 1260 to 1600 K or from 
1280–1630 K for the Lunar core, and the Ta profiles correspond 
to straight lines. It has been suggested that core chemistry can 
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