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Electrical conductivity of geomaterials 
Transport property sensitive to temperature, chemistry (volatiles, fluids, iron 
content, oxygen fugacity), deformation

Combined with petrological constraints, laboratory-based models interpret field 
data in terms of melt fraction, mantle or core temperature, fluid migration
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Geophysical (EM) view
(example of the Cascades)

After McGary et al., 2014After Poli and Schmidt, 1998; Grove et al., 2009; Timm et al., 
2014

Lab experiments show that high conductivity anomalies are consistent w/ melting at 
mantle wedge and expected zones of fluid accumulation (slab dehydration)

Petrological view

Imaging fluids with electrical measurements
Example of the Earth
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predicted (e.g., van Keken et al., 2011). Estimates of potential fluid flux range 
from ~0.1 to 0.3 kg H2O/m2/yr, depending on the convergence rate (Peacock, 
1987, 1990, 1993; Gerya et al., 2002; Penniston-Dorland et al., 2015). This fluid 
flow causes a thermal perturbation, but the resulting heat transfer is thought 
to be significant only at shallow to moderate depths (<40 km), where high 
shear stress and fluid fluxes enhance heat transport (e.g., Penniston-Dorland 
et al., 2015), whereas at higher depths the thermal structure is mainly gov-
erned by heat conduction and advection processes by subducting oceanic 
lithosphere (e.g., Peacock, 1990).

A suite of hydrous phases such as amphibole, brucite, serpentine, and chlo-
rite is thermodynamically stable at specific depth and temperature ranges in 
the incoming hydrated oceanic crust and upper mantle (e.g., Poli and Schmidt, 
1995; Hacker, 2008; Grove et al., 2012; Timm et al., 2014; Fig. 2). These phases 
contribute to the H2O flux in subduction zones because they can accommodate 
significant amounts of water (as much as 12 wt% water) in their crystallo-
graphic structure as OH groups that are eventually released at higher depth 
as free fluid phases upon the breakdown reaction. In particular, the main flux 
of subducted water in the mantle may be controlled by the abundance of ser-
pentine (Rüpke et al., 2004). A few laboratory studies have measured a high 
conductivity for hydrous minerals, especially once the breakdown reaction 
occurs, because the presence of a low-viscosity interconnected fluid phase en-
hances the bulk electrical conductivity. However, the difference in conductivity 
between these hydrous minerals is often too small to be discriminated using 
field electrical measurements alone. To illustrate this point, we consider the ex-

ample of Cascadia, where a conductivity anomaly of ~0.1 S/m is observed next 
to the slab at 40 km depth (Fig. 2). The electrical conductivity of lawsonite is 
as high as 0.1 S/m before it dehydrates and can be as high as 10 S/m at tem-
peratures where the fluid is released as a free fluid phase (Manthilake et al., 
2015), and comparable conductivity values have been obtained for chlorite as 
it dehydrates and coexists with magnetite (Manthilake et al., 2016). A conduc-
tivity value as high as 0.1 S/m is also consistent with serpentine with as much 
as 20 vol% magnetite before dehydration (Kawano et al., 2012). Although we 
can rule out the presence of lawsonite at this depth because its stability field 
is expected to start at higher pressure (e.g., Poli and Schmidt, 2002), it is not 
possible to attribute the field anomaly in the Cascades to serpentine or chlo-
rite without further petrological constraints. These observations point out the 
need for combining electrical observations with phase equilibria in order to 
interpret conductivity anomalies in terms of chemistry. Figure 3 shows the sta-
bility field of hydrous phases in the basalt + H2O system. Comparison of these 
phase equilibria with the expected pressure-temperature (P-T ) paths of slabs 
from different subduction zones allows the prediction of the depth of hydrous 
fluid release from breakdown reactions as well as the onset of melting. As 
illustrated in Figure 3, the high temperatures in Cascadia (and hot subduction 
zones in general) do not overlap with the stability field of lawsonite, and so it 
is the breakdown of other stable minerals (chlorite, amphibole) that will occur 
in these settings, whereas metamorphosed oceanic crust in cold subduction 
zones (e.g., northeastern Japan) is expected to be mainly composed of law-
sonite blueschist.
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Figure 2. Detection of fluids using electromagnetic studies. Comparison between the petrological view of a subduction zone (left: after Schmidt and Poli, 1998; Grove et al., 2012; Timm et al., 2014) 
and an electromagnetic profile (right: Cascadia, McGary et al., 2014). Labels in the slab correspond to stable hydrous minerals: amph—amphibole; cld—chloritoid; law—lawsonite; serp—serpentine; 
chl—chlorite. The location of the model profile is shown on the inset map of Figure 6. Dashed lines correspond to isotherms and associated numbers refer to temperature in °C.
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Fig. 7. Thermal (left side) and electrical (right side) profiles of the Lunar interior, after the study by Khan et al. (2014) based on the inversion of lunar geophysical data 
in combination with phase-equilibrium computations. Dashed line corresponds to the solidus for the Taylor Whole Moon (TWM) composition (Taylor, 1982) and solid line 
corresponds to peridotite solidus (Hirschmann, 2000). Experimental results from our study are highlighted in red and significantly overlap with the conductivity at the base 
of the lunar mantle. Because the chemistry of lunar melts is different from the melt chemistry in our samples, and that lunar melts are expected to be more conductive 
than olivine melt, melt fraction estimates from our electrical data are upper bounds for melt fraction in the deep lunar mantle. See text for details. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)

was assumed (78 (±8) S/m), and therefore our conductivity calcu-
lations at slightly lower temperature (1810◦ and 1850 ◦C) than the 
quench temperature may overestimate marginally the conductiv-
ity of the melt phase. Calculations using the HS and MBL models 
are in good agreement with our experimental data (Fig. 6). At a 
melt fraction of 0.10, corresponding to T ∼ 1810 ◦C and with the 
conductivity of Fo75 being ∼ 0.10 S/m, the HS lower and upper 
bounds provide bulk conductivity values of 0.13  S/m (±0.01) and 
5.5 (±0.6) S/m, respectively. A conductivity value of 5.6 (±0.6) S/m 
is obtained using the MBL model. At a melt fraction of 0.20, corre-
sponding to T ∼ 1850 ◦C and with the conductivity of Fo80 being 
0.14 S/m, the HS upper bound provides bulk conductivity values of 
11.3  (±1.0) S/m. A similar conductivity value of 11.6 (±1.2) S/m 
is obtained using the MBL model. The same approach has been 
applied to our other experiments in order to calculate melt con-
ductivity. A similar melt conductivity range has been obtained for 
the other experiments on dry and initially hydrous Fo75 at 4 GPa, 
whereas a more resistive melt phase reproduces electrical data on 
Fo90 (∼ 40–50 S/m), suggesting that decreasing the iron content in 
melt decreases its electrical conductivity.

Though these calculations reproduce our laboratory measure-
ments satisfactorily, it is important to note that these electrical 
two-phase models consider a homogeneous material with an equi-
librated texture, whereas equilibrium texture and equilibrium melt 
distribution were not attained in our experiments. In particular, 
this may explain the difference of ∼ 0.2 log unit in conductivity 
at 1810 ◦C between our data and the HS lower bound (Fig. 6). 
Partzsch et al. (2000) observed that the generation of an equi-
librium texture for a granulite rock between mineral grains and 
melt at temperature up to 1100 ◦C requires more than 200 h. As 
these authors predicted, if it were possible to measure the con-
ductivity during partial melting at equilibrium morphology, the 
jump in conductivity should occur at lower temperature (i.e., at or 

slightly above Tsolidus) due to the wetting behavior of the mineral–
melt assemblages. However, petrogenesis is usually driven by non-
equilibrium and dynamic conditions, and therefore experiments in-
volving equilibrium texture may be limited to understand present-
day geophysical data.

4.3. Application to the lunar interior

The presence of partial melt in the deep lunar interior has been 
suggested to explain the presence of a seismic attenuation zone at 
the base of the mantle, from ∼ 1250 to 1410 km depth (Nakamura, 
2005; Weber et al., 2011; van Kan Parker et al., 2012). Electro-
magnetic sounding data are also consistent with the presence of 
a partially molten core–mantle boundary (e.g., Khan et al., 2014). 
In this hypothesis, partial melt results from a lunar evolution in 
which dense cumulates led to mantle overturn and settled at the 
base of the mantle (e.g., Hess and Parmentier, 1995), remaining 
partially molten due to the presence of heat-producing elements 
(de Vries et al., 2010).

As illustrated in Fig. 7, the potentially partially molten layer cor-
responds to a pressure range of ∼ 4.5–5 GPa. Several thermal stud-
ies suggest that the present-day selenotherm implies temperatures 
ranging from ∼ 1000 to 1700 ◦C at the top of the seismic attenua-
tion zone and from ∼ 1400 to 2100 ◦C at its bottom (Hirschmann, 
2000; Kuskov and Kronrod, 2009). Recently, Khan et al. (2014) pro-
posed an electrical model of the lunar interior, based on the inver-
sion of lunar geophysical data (mean mass and moment of inertia, 
tidal Love number, and electromagnetic sounding data) in combi-
nation with phase-equilibrium computations. Their study suggests 
that a partially molten layer deep in the lunar mantle is required 
to reproduce the current geophysical dataset, and estimated a con-
ductivity range of 3  × 10−2 to 12.6 S/m in the uppermost low-
velocity zone (Fig. 7). The presence of a deep partially molten layer 

Probing the Moon with electrical
measurements
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Seismic Detection of the Lunar Core
Renee C. Weber,1 * Pei-Ying Lin,2 Edward J. Garnero,2 Quentin Williams,3 Philippe Lognonné4

Despite recent insight regarding the history and current state of the Moon from satellite sensing and
analyses of limited Apollo-era seismic data, deficiencies remain in our understanding of the deep lunar
interior. We reanalyzed Apollo lunar seismograms using array-processing methods to search for the
presence of reflected and converted seismic energy from the core. Our results suggest the presence of
a solid inner and fluid outer core, overlain by a partially molten boundary layer. The relative sizes of the
inner and outer core suggest that the core is ~60% liquid by volume. Based on phase diagrams of
iron alloys and the presence of partial melt, the core probably contains less than 6 weight % of lighter
alloying components, which is consistent with a volatile-depleted interior.

Recent studies suggest that the Moon pos-
sesses a relatively small iron-rich core,
sized between ~250 and 430 km, or rough-

ly 15 to 25% of its 1737.1-km mean radius (1).

Various indirect geophysical measurements pro-
vide supporting evidence for the presence of a
core (1–4), but differ on key characteristics such
as its radius, composition, and state (solid versus
molten), although a liquid core is favored when
considering Love numbers (3) or mantle seismic
constraints (5). Constraining the structure of the
lunar core is necessary for understanding the
present-day internal thermal structure, the history
of a lunar dynamo, and the origin and evolution
of the Moon (1).

Seismic models of the lunar interior lack
resolution in the deepest 500 km of the Moon

(6–9), because of the paucity of seismic waves
that penetrate this depth range identified in the
Apollo seismic data. The lack of observation of far-
side events recorded by the nearside array suggests
the presence of a highly attenuating region in the
deep Moon (10). This, combined with inferences
from other geophysical data (1), has led to a model
containing a partially molten deepest mantle layer
overlying molten outer and solid inner core layers
(Fig. 1A).

The Apollo Passive Seismic Experiment (PSE)
consisted of four seismometers deployed on the
lunar nearside between 1969 and 1972, which
continuously recorded three orthogonal direc-
tions of ground motion until late 1977. The small
number of stations, limited selenographical ex-
tent of the network, and weak attenuation of seis-
mic energy coupled with strong wave scattering
prohibited direct observation of waves reflected
off of or refracted through the core.

We applied seismic array-processing meth-
odologies to the PSE data to search for layering
in the deep Moon that might be associated with
a lunar core (11, 12). We analyzed seismograms
from previously identified deep moonquakes
(10), which are the most abundant type of lunar
seismic events. They are known to originate from
discrete kilometer-scale source regions (13) or

Fig. 1. (A) Schematic meridional cross-section of the
Moon showing the distribution of deep moonquakes
(red circles) and the potential radii of physical layers
in the deepest lunar interior. (B) Map of the lunar
nearside showing the locations of the Apollo seismic
stations (red diamonds) and the distribution of the
deep moonquake epicenters used in this study (white
circles). (C) The R-component seismograms of station
15 from three A6 events (top three traces), compared
to a stack of A6 events on the R component of station
15 (fourth from top), and the same stack after
polarization filtering (bottom). The P arrival is not
evident in the single-event seismograms, because
amplitudes of a single digital unit, reflecting the
noise floor of the instrument, dominate the traces
before the S arrivals. Stacking enhances the P and S
arrivals, but intermediate arrivals remain masked by
the P- and S-wave codas. The polarization filter
reveals arrivals between P and S. We multiplied the
segment of the seismogram before S (highlighted in
purple) by a factor of 4 to increase the visibility of the
intermediate arrivals.
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at over a wide temperature range, they are relevant to the CMB region. Because the effect of pressure on
olivine and metal conductivity is not significant, as highlighted by the experiment performed at 6.1 GPa
and previous electrical works (Deng et al., 2013; Xu et al., 2000; Yoshino et al., 2012), we assume that our
electrical data can be extrapolated to a pressure of about 12 GPa.

Figure 6 presents the thermal and electrical profiles of the deep interior of Mercury based on our experiments
and previous works. The thermal profile of the planet is from Spohn (1991) (cold lower mantle model), Buske
(2006) (hot lower mantle model), and Harder and Schubert (2001) (outer core). As pointed out by Verhoeven
et al. (2009), the thermal state of the Hermean mantle is not well constrained and it is therefore not possible
to choose between a cold model and a hot model. Depending on these estimates, temperature in the CMB
region varies between 1,300 and 1,700°C, which is above the melting temperature of sulfide melts (Zhang &
Hirschmann, 2016; Zhang et al., 2015). Considering the Spohn and Buske thermal profiles, Verhoeven et al.
(2009) suggested that the present-day thermal state of the silicate part of Mercury (crust and mantle) is
compatible with different mineralogical assemblages determined with thermodynamic calculations and
phase equilibria observations; olivine is an abundant phase in all models except the one that assumes
an enstatite bulk composition. The other mineral phases present are periclase, pyroxene, garnet, spinel,
and Ca-Mg silicate merwinite. Using existing electrical laboratory studies of minerals, the authors obtained
a conductivity range for the lowermost mantle of Mercury of 10!3–100.5 S/m. Pyroxene is another major
mineral phase in the models calculated by Verhoeven et al. (2009). Replacing olivine by pyroxene is not
expected to modify bulk conductivity significantly, due to the small difference in conductivity between
the two silicate minerals over the considered temperature range (Tyburczy & Fisler, 1995; Xu et al., 2000;
Yang, 2012).

In contrast, Vander Kaaden et al. (2017) proposed that Mercury interior contains a significant amount of
albite, based on the high alkali (Na2O + K2O) and high SiO2 contents of Mercury’s surface detected by
MESSENGER. This previous work suggests that the proportion of olivine varies from 21.5 to 54.8 vol %, the
one of pyroxene from 4.6 to 46.7 vol %, and the one of albite from 31.8 to 63.6 vol %. Considering four differ-
ent mineral assemblages that span these proportion ranges (Table S1 in the supporting information) and
using electrical laboratory studies for each phase (Hu et al., 2011 (extrapolated up to 7 GPa) for albite,

Figure 6. Application to the deep interior of Mercury: (a) temperature profile in the interior of Mercury form Spohn (1991), Buske (2006), and Harder and Schubert
(2001). The gray area corresponds to the different CMB estimates in the literature. The dotted line indicates the considered CMB depth in this study. The melting
temperature of sulfide melts (greens) is indicated. (b) Electrical conductivity profile. Constraints from our experiments are shown in red. Previous conductivity
estimates are represented in orange (Verhoeven et al., 2009) and purple (Anderson et al., 2016). The conductivity of an albite-bearing mantle (dark purple) was
calculated after mineralogical assemblages from Vander Kaaden et al. (2017) using two formalisms: the Hashin-Shtrikman model (HS) model and the geometric
means (GM). The layered structure of the outer core and its composition are from previous works (Hauck et al., 2013; Malavergne et al., 2010). See text for details.
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The electrical conductivity of the olivine samples during cooling and second heating is higher than the con-
ductivities measured by Yoshino et al. (2012) and Xu et al. (2000) by at least 0.7 log unit in conductivity
(Figure 4a) and presents a slightly lower activation energy during the second heating than in these previous
studies. The low Ea value is not attributed to the presence of hydrogen, as highlighted by the FTIR analyses
(Figure S4 in the supporting information). These discrepancies can be explained by the differences in sample
chemistry (especially iron), olivine grain size, and experimental conditions between the studies. Yoshino et al.
(2012) used synthesized (Fe,Mg)2SiO4, and Xu et al. (2000) mixed 5% pyroxene into their polycrystalline sam-
ples, whereas natural olivine was used in our experiments. Olivine grain size may also highly affect electrical
conductivity (Ten Grotenhuis et al., 2004), but the exact grain size is not specified in these previous studies. As
previously measured by Xu et al. (2000), the effect of pressure on olivine conductivity is not significant: the
difference in pressure between our experiments (6.1 GPa) and Yoshino et al. (2012) experiments (10 GPa)
is expected to yield a difference in conductivity of about 0.1 log unit.

Figure 5. Temperature dependence of the electrical conductivity of olivine and metal-olivine samples. The electrical
conductivity values were collected during first cooling/second heating, with the exception of BB82 and BB89 (first
heating). The arrows indicate a conductivity jump. The regression lines correspond to the Arrhenius laws (parameters listed
in Table 3). The lowest activation energies (slope of the regression lines) are obtained for samples with the highest metal
proportion. See text for details.

Table 3
Arrhenius Equation Parameters

Run no. Composition
Metal:olivine

ratio
Activation energy

Ea (kJ/mol)
Relative error on

Ea (kJ/mol)
Preexponential
term σo (S/m)

Relative error
on σo (S/m)

Relative error
on σ (%)a

BB92 Olivine – 83.03 0.38 9.05 0.04 2.14–2.76
BB82 Fe + olivine 1:2.5 – – – – 2.14–5.99
BB72 Fe + olivine 1:6.7 39.42 0.31 10.35 0.08 3.22–5.82
BB99 Fe + olivine 1:9.2 55.71 0.55 19.74 0.20 1.84–3.34
BB105 Fe + olivine 1:8.5 47.40 0.18 9.46 0.04 1.70–2.42
BB89 FeS + olivine 1:8.0 – – – – 3.71–6.17
BB95 FeS + olivine 1:9.0 26.49 0.26 0.64 0.01 3.58–4.94
BB98 FeSi2 + olivine 1:3.6 35.61 0.05 5.57 0.01 1.81–4.18
BB56 Fe-Ni-S-Si + olivine 1:1.2 12.23 0.18 68.19 1.02 1.70–2.42
BB70 Fe-Ni-S-Si + olivine 1:0.7 0.19 0.14 14.29 3.59 6.00–6.28
BB74 Fe-Ni-S-Si + olivine 1:9.4 26.66 0.93 5.58 0.20 3.41–4.58
aAnalytical error on electrical conductivity from equation (1), accounting for uncertainty on the dimension of the sample and its electrical resistance.
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length of 8 mm and MgO octahedral pressure media with an edge length of 14 mm. The cell assembly is
illustrated in Figure 1. Samples were placed in high-purity MgO sleeves and surrounded by a rhenium
furnace. Two molybdenum squares (1.5 mm edge length) in contact with the sample served as electrodes.
Each sample was 1.0–1.5 mm thick, and the thickness was measured before and after the experiment.
Temperature was monitored using a W95Re5–W74Re26 (C-type) thermocouple that also corresponds to one
electrode. A single thermocouple wire placed at the bottom of the assembly is used as a second electrode.
All MgO parts were fired at 1,400°C and 1 atm for 1 h, and then stored in a sealed desiccator until used for
the experiments. The metal phase was first loaded into the cell and then compacted using a pin and a
hammer. Air was sprayed carefully on the inner wall of the MgO sleeve in order to remove sample powder.
Olivine grains were topped on the metallic phases and compacted in the cell. The multianvil apparatus
was calibrated in pressure using phase transitions in bismuth, SiO2 (quartz-coesite-stishovite), and carbon
(graphite-diamond). Temperature calibration was performed using gold melting experiments over the
pressure range 2–7 GPa (Figure S1 in the supporting information (Mirwald & Kennedy, 1979; Mitra
et al., 1967)).

Table 1
Experimental Conditions

Run no.
Metallic phase
composition

Pressure
(GPa)

Metal:olivine
volume ratioa

Sample length
(mm)

Quenching
T (°C)

First
heatingb

First
coolingb

Second
heatingb

BB78 Fec 6.1 1:7.3 1.0 893 ×
BB72 Fec 6.1 1:6.7 1.5 1,400f × × ×
BB82 Fec 6.1 1:2.5 1.4 1,675 ×
BB99 Fed 6.1 1:9.2 1.4 1,525 × × ×
BB105 Fec 6.1 1:8.5 1.5 1,675 × × ×
BB89 FeS 6.1 1:8.0e 1.1 1,250f ×
BB85 FeS 6.1 1:7.7 1.2 1,300f ×
BB91 FeS 6.1 1:9.0e 1.0 1,150f ×
BB95 FeS 6.1 1:9.0e 1.5 1,330 × × ×
BB98 FeSi2 6.1 1:3.6 1.1 1,100 × × ×
BB56 Fe-Ni-S-Si 4.7 1:1.2 1.4 934 × × ×
BB70 Fe-Ni-S-Si 6.1 1:0.7 1.1 960 ×
BB81 Fe-Ni-S-Si 6.1 1:8.2 1.1 800 ×
BB74 Fe-Ni-S-Si 6.1 1:9.4 1.1 1,000 × × ×
BB88 - 6.1 Olivine only 1.3 1,670 × ×
BB92 - 6.1 Olivine only 1.5 1,650 × × ×
aRatio determined on samples retrieved after electrical experiment. bHeating and cooling cycles during electrical
experiment. cIron rod. dIron powder. eSample not recovered. Themetal/olivine volume ratio is the one of the starting
material. fThermocouple lost during the experiment. Temperature is estimated using power-temperature relationship.

Figure 1. Cross section of the electrical conductivity cell (14/8 multianvil assembly). Electrodes correspond to W–Re wires
and Mo foils. One electrode also serves as thermocouple.
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Probing Mercury with electrical measurements
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Electrical results of melt-bearing sheared samples

To model higher anisotropy 
structures, we developed layered 
electrical models based on 
experimental results

Layered model 1 considers layers of 
sheared olivine alternating with 
layers of sheared Fo90 + 5 vol% 
MORB

Layered model 2 considers layers of 
sheared Fo90 alternating with layers 
of 100% basalt

ples in a multi-anvil apparatus at about 3 GPa and up to 1,300 uC
in two perpendicular directions using impedance spectroscopy
(Extended Data Fig. 1).

Dry polycrystalline olivine samples (Fo90), a Fo90 1 5 vol% MORB
sample, and a Fo90 1 2 vol% NaKCO3 melt sample were used. These
samples were initially deformed in triaxial compression or in simple
shear (Methods and Extended Data Table 1) at a confining pressure
P 5 0.3 GPa and a temperature T 5 1,200–1,250 uC in a gas-medium
apparatus. The parts of the samples that had experienced maximum
shear strain were extracted and placed in a conductivity cell in the
multi-anvil apparatus (Extended Data Table 1) for measurements of
electrical properties at a pressure representative of the pressure of the
asthenosphere.

Measurements were primarily conducted under quasi-hydrostatic
conditions at temperatures not exceeding 900 uC with a few
experiments at temperatures near 1,300 uC (Methods). In the low-
temperature conductivity runs, melt-enriched sheets (bands in two
dimensions) formed during deformation runs are preserved as prev-
iously observed14,15, whereas after the high-temperature conductivity
experiments the melt-rich bands are no longer detected (Extended
Data Fig. 2). Instead, melt-bearing samples quenched from high-
temperature measurements (.,1,100 uC) exhibited a sheared solid
matrix with an approximately homogeneous (meaning a lack of melt-
rich bands) and isotropic melt distribution, because in the high-
temperature conductivity experiments, surface tension relatively
quickly redistributes the melt, both in terms of dissipation of the
melt-rich bands and in terms of randomization of the orientation of
melt-filled triple junctions, thus removing the melt preferred orienta-
tion introduced by deformation16,17.

Nonetheless, a small degree of heterogeneity in melt distribution
remained, with some areas showing slightly higher melt concentra-
tions than others. This observation suggests that some structural
anisotropy associated with the deformation-induced lattice preferred
orientation persists for the duration of our conductivity measure-
ments, in agreement with previous observations on sheared samples
that were statically annealed after large strain deformation18. Chemical
analyses of run products are consistent with starting compositions
(Extended Data Table 2).

Because the temperature of the lithosphere–asthenosphere system is
not well constrained, our experiments investigated the electrical prop-
erties of mantle analogues over a wide range of temperature. For
olivine samples, a single Arrhenius relationship can satisfactorily
reproduce the electrical data over the investigated temperature range
(Fig. 2a; Extended Data Table 3). For both MORB-bearing and car-
bonate-bearing samples, a slight bowing in the trend of electrical con-
ductivity with temperature is observed at about 870–900 uC, possibly
caused by textural changes. Electrical data are therefore best repro-
duced by two Arrhenius equations, one on either side of this temper-
ature (Fig. 2b; Extended Data Table 4). For experiments performed at
low temperature (,900 uC) on melt-bearing samples, values of s at
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Figure 2 | Electrical conductivity–temperature diagrams of experimental
results. a, Results for olivine aggregates at low and high shear strains. Open and
closed circles represent data parallel to and perpendicular to the main
deformation direction, respectively. Our data agree well with grey zone (1),
which corresponds to s of olivine aggregates under pressure26,27. Electrical data
on olivine single crystal in different crystallographic directions (zone (2),
with water content less than 430 H atoms per 106 Si atoms) are from ref. 10.
b, Results for the melt-bearing systems. Open and closed symbols represent
data parallel to and perpendicular to the main deformation direction,
respectively. Only the electrical measurements of carbonate-bearing samples
(diamonds) and of the MORB-bearing sample with a strain of 1.2 in the
direction parallel to the main deformation (open black circles) were performed
over a large temperature range from high to low temperature. All other
experiments were performed either at high (.1,100 uC) or at low (,900 uC)
temperature (Extended Data Table 4). Good agreement is obtained with data
from zone (1)12. The slight difference in the results from zone (2) at 0.1 MPa
(ref. 28) is consistent with the effect of pressure. The conductivities from refs 29
and 30 (zones (3), (4), and (5)) are higher than the ones measured in this
study, possibly owing to melt chemistry effects. The dashed lines are Arrhenius
relations for conductivity in the post-glass transition temperature range.
Electrical anisotropy decreases with increasing temperature to become
negligible at high temperature. c, Laboratory-based isotropic (blue colours) and
anisotropic (red colours) models of the electrical conductivity of deformed
mantle materials. Models are based on Arrhenius equations and on
extrapolations of our results from low- to high-temperature experiments.
Isotropic models for MORB-bearing samples at .1,200 uC are based on the
Hashin–Shtrikman upper bound. Layered model 1 considers layers of
polycrystalline olivine alternating with layers of sheared Fo90 1 5 vol% MORB,
and layered model 2 considers layers of polycrystalline olivine alternating with
layers of basalt22 (see Methods).
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Effect of shear on polycrystalline olivine conductivity

Probing the effect of volatiles and fluids on the conductivity of sheared mantle rocks 
involves understanding the effect of shear on the conductivity of “dry” materials

• Conductivity depends on 
the orientation, with 
highest conductivities 
measured in the direction 
of deformation

• Electrical anisotropy is high 
at low T

• Melt is not requested to 
have electrical anisotropy 
(in contrast with results by 
Zhang et al., 2014)

Pommier et al., 2018a
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and that the presence of even a low concentration of water 
results in both increased conductivity and reduced activation 
enthalpy relative to the single crystal data. The anisotropy 
in conductivity for this sample would then reflect the weak 
CPO fabric induced due to compressional deformation.

With respect to the torsion samples, two questions 
arise: (1) Why is the electrical conductivity of the samples 
deformed in torsion so much higher than that of single crys-
tals measured under anhydrous conditions? (2) Why is the 
electrical conductivity anisotropic? The answers to both 
must be related to the contribution of grain boundary paths 
to electrical conductivity of our fine-grain, highly sheared 
polycrystalline olivine.

Indeed, electrical conductivity associated with transport 
along grain boundaries has been reported for fine-grained 
forsterite (Fe-free) samples (ten Grotenhuis et al. 2004). 
However, conduction in Fe-bearing olivine is dominated by 
electron holes, a mechanism not available in forsterite. Thus, 
a detailed comparison of results obtained on forsterite with 
those measured for San Carlos olivine is not warranted.

The factor of > 10 greater conductivity for the samples 
deformed in torsion compared to values reported for single 
crystals or observed in our coarse-grained compressional 
sample is most directly explained by the difference in grain 
size. The grain size, d, of the samples deformed in torsion 
lies in the range 3–6 µm, while the grain size of the sam-
ple deformed in compression is 15 µm (Table 1). Based on 
these grain size values, an increase in conductivity by a fac-
tor of 2.5–5 might be expected, if the contribution of grain 
boundaries to the bulk conductivity scales as 1/d (Roberts 
and Tyburczy 1991). Thus, grain size can account for part, 
but not all, of the difference between the electrical conduc-
tivity of coarse- and finer-grained samples.

For the torsion samples, electrical anisotropy increases 
with shear strain (Fig. 7a) with highest conductivity par-
allel to the shear direction. In addition, as demonstrated 
by the crystallographic preferred orientation (CPO) maps 
(Fig. 3), the [100] axes predominantly align parallel to 
the shear direction. Since conductivity in single crystals 
is largest parallel to [001] and smallest parallel to [100] 
and [010] (Fig. 7b), the conductivity measurements in the 
sheared samples cannot have been controlled by grain inte-
rior processes. In addition, the sample with the greatest 
electrical anisotropy (PT0949) also has by far the strong-
est CPO (Fig. 3). These observations indicate that, while 
crystallographic alignment does contribute to electrical 
anisotropy in the sheared samples, the overall behavior 
is dominated by grain boundary conductivity. It is also 
striking that the fine-grained sample (PT0264) with a grain 
size of 3.1 µm is less conductive in the shear direction than 
the highest strained sample (PT0949) with a grain size of 
6.4 µm. If grain size alone were important, the opposite 
should be true. These observations suggest not only that 
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Fig. 7  Electrical conductivity results. a Electrical conductivity–tempera-
ture plot showing experimental results for polycrystalline olivine samples 
deformed to a small strain in compression (PI1543) and to large strains in 
torsional shear (PT0941, PT0264 and PT0949). The data were collected 
at a pressure of 2.8 GPa and with the oxygen fugacity fixed by the Mo/
MoO buffer. Open, filled and + symbols represent data perpendicular to 
the shear plane (orientation 1), parallel to the shear direction (orientation 
2), and in the shear plane perpendicular to the shear direction (orientation 
3), respectively. Experimental data for sample PI1543 deformed in com-
pression and for sample PT0264 measured parallel to the shear direction 
are from Pommier et al. (2015a). Dashed (orientation 1), solid (orienta-
tion 2) and dot-dashed (orientation 3) lines correspond to Arrhenius fits to 
the data for T > 850 °C (Table 2). b Comparison of experimental results at 
high temperature (line colors and styles are the same as in a) with olivine 
 (Fo90) single crystal electrical conductivity data from Schock et al. (1989) 
parallel to the three low-index olivine crystallographic axes. The single 
crystal data, which were collected at room pressure and oxygen fugacity 
set by a constant 10:1 mixture of  CO2:CO, were corrected to a pressure of 
2.8 GPa and oxygen fugacity set by the Mo/MoO buffer, as noted in the 
text. Also shown (+) are data from Roberts and Tyburczy (1991, 1993) 
for samples measured at room pressure at oxygen fugacities equivalent 
to the Mo/MoO buffer. These data were also corrected to a pressure of 
2.8 GPa
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Electrical conductivity and core cooling

Poster today!
(application to Ganymede’s core)
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Figure 4

• 4-electrode experiments on iron alloys 
(Fe-S, Fe-Si, Fe-S-Si, Fe-S-O systems)

• Pressure up to 10 GPa

Pommier, 2018

A. Pommier / Earth and Planetary Science Letters 496 (2018) 37–46 43

Fig. 6. Example of top-down core crystallization and the evolution of the electrical response as chemistry and temperature change. Electrical resistivity values come from 
experiments shown in Fig. 2. In this example, pressure ranges from about 5 to 8 GPa, which is relevant to Ganymede’s core. (For interpretation of the colors in the figure(s), 
the reader is referred to the web version of this article.)

possibly remelt at depth, resulting in 1) the enrichment of the 
outer core in sulfur through time and 2) an associated decrease 
in electrical resistivity with increasing depth. In the extreme case 
of a fully solidified core, this electrical gradient represents a factor 
of about 10 in resistivity (Fig. 6). The decrease in electrical resis-
tivity with increasing depth is driven by sulfur distribution across 
the core (the depletion of S at depth decreases resistivity) and the 
pressure effect. The increase in temperature with increasing depth 
is not expected to counter-balance the resistivity gradient across 
the core as the effect of temperature on resistivity becomes less 
important as pressure increases (Fig. 2). One can notice that in a 
bottom-up crystallization regime, the formation of Fe grains (pro-
gressively forming a solid inner core) would also contribute to the 
enrichment of the outer core in sulfur through time. Therefore, 
electrical gradients across the core are expected in both top-down 
and bottom-up crystallization scenarios.

4.3. Implications for core cooling

Electrical resistivity-crystallization paths (Fig. 5) provide insight 
regarding the cooling history of planetary cores. For instance, it 
has been suggested for the Earth that the low electrical resistivity 
of iron extrapolated to P, T conditions relevant to the core indicates 
a high thermal conductivity and a rapid core cooling (Ohta et al., 
2016). The increase in thermal conductivity k as electrical resistiv-
ity ρ decreases is observed if the following Wiedemann–Franz law 
applies

L0 × T = k × ρ (3)

with L0 the Sommerfeld value of the Lorenz number and T the 
temperature (Wiedemann and Franz, 1853). Although the valid-
ity of the Wiedemann–Franz law has been observed for liquid 
iron (Nishi et al., 2003; Gomi et al., 2013; Ohta et al., 2016), it 
has also been challenged for both iron and its alloys, depend-
ing highly on the pressure dependence of L0 (e.g., Secco, 2017;
Suehiro et al., 2017). As a result, Eq. (3) only provides a lower 
bound of thermal conductivity (Konôpková et al., 2016). This is 
consistent with the computations by Pozzo et al. (2012) who in-
dicate that during Earth’s core cooling, the increase in thermal 
resistivity is more important than the decrease in electrical resis-
tivity, i.e. thermal conduction dominates over electrical conduction.

The lower bound of thermal conductivity for core analogues 
at 4.5 and 8 GPa is presented in Fig. 7. A constant value of 
2.445 × 10−8 W"K−2 was taken for L0, in order to compare calcu-
lations with estimates by Deng et al., 2013. Therefore, the pressure 
dependence of L0 (Secco, 2017) was not considered at a first ap-
proximation. Calculated lower bounds of thermal conductivity sug-
gest that ρ strongly depends on S or Si contents, and similar to 

Fig. 7. Lower bound estimates of thermal resistivity for the different systems at 4.5 
and 8 GPa. Data at 7 GPa for iron from Deng et al. (2013). Estimates are calculated 
using the Wiedemann–Franz law. See text for details.

electrical resistivity, the effect of melting on thermal conductiv-
ity is more dramatic for S-rich and Si-rich materials than for pure 
Fe. The higher the amount of alloying agent, the lower the ther-
mal conductivity. At Teutectic and 4.5 GPa, increasing the S content 
from 0 (Fe) to 36.5 wt.% (FeS) decreases the thermal conductivity 
dramatically from about 53 to 3.8 W/m K, i.e., by about 97%. A de-
crease in thermal conductivity of 83% and 69% is obtained when 
20 wt.%S and 5 wt.%S are added, respectively. At 8 GPa, these val-
ues become 95%, 91%, and 52% when 36.5, 20, and 5 wt.%S are 
respectively added to Fe, underlining a more important effect of 
pressure on thermal conductivity for S-poor than for S-rich mate-
rials. At Earth’s core pressure, it was predicted that the addition 
of 12 wt.%S to liquid iron reduces the thermal conductivity by 
about 25% (Gomi et al., 2013) and the addition of Si or O was 
also found to decrease thermal conductivity (deKoker et al., 2012). 
The present study indicates that at much lower pressure than the 
Earth’s core, the effect of the alloying agent on thermal conductiv-
ity can be dramatic and thus, this effect needs to be accounted for 
as part of core modeling of small terrestrial bodies.

Fig. 7 suggests that the presence of S and Si (and possibly other 
light elements) possibly impacts significantly core cooling history, 
as a less thermally conductive outermost core can translate into an 
insulating layer that may affect the heat budget through time.

4.4. Core conductivity and magnetic field

The generation and sustainability of a magnetic field in a metal-
lic core depends on both convection and diffusion processes, as 
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Concluding remarks

• Electrical conductivity is a relevant tool to probe planetary interiors

• It is sensitive to (even small) changes in temperature, chemistry, 
fluid phase interconnectivity, and also deformation (grain 
boundary paths)

• Chemistry has a key role in crystallization processes during 
planetary cooling and influences the heat flow (insulating vs. 
conductive properties) as well as the magnetic field

• Many unknowns remain, such as the effect of chemistry on the 
cooling rate and heat flow and hence the generation of a magnetic 
field, … 
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