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INTRODUCTION
Elucidating the structure, composition, and thermal state of 
terrestrial bodies*, i.e., celestial bodies characterized by a 
rocky crust and mantle and a metallic core, is fundamental 
to understanding their origin and evolution. Among the 
different tools available to study terrestrial bodies, electro-
magnetic techniques that provide access to the interior are 
particularly powerful. The electrical properties of minerals 
and rocks that comprise the crust and mantle of the terres-
trial planets (Mercury, Venus, Earth, Mars) and moons (e.g., 
the Moon, Europa, Ganymede, Io) in the Solar System are 
probed both in the field and in the laboratory. The knowl-
edge derived from widely differing scales of observation 
(primarily from nanometer to millimeter in the laboratory, 
and from meters to hundreds of kilometers in the field) 
can be integrated for an in-depth understanding of the 
structure and composition of planetary interiors (Fig. 1). 

In the field, the inner structure of planets can be probed 
by analyzing naturally occurring geomagnetic varia-
tions. A time-varying magnetic field naturally induces 

electric fields that encircle the 
region of magnetic variation. 
These fields can drive currents in 
electrically conducting materials, 
such as planetary interiors. 
In turn, the currents generate 
secondary magnetic fields that 
can be detected from a distance. 
By comparing the inducing field 
and the planetary response over 
a wide range of frequencies, one 
can derive the electrical conduc-
tivity of the materials as a function 
of dept h. Elec t romagnet ic 
induction studies originated 
in the 1880s, magnetotelluric 
methods originated in the late 
1940s, and over many decades 
have benefitted from substan-
tial technological and scientific 

advances that have improved the quality of field data 
and the development of 2-D and 3-D modeling (Chave 
and Jones 2012 and references therein). Currently, these 
geophysical tools characterize the structure of the Earth’s 
crust and upper mantle via high-resolution snapshots of the 
planet’s electrical response, and can also provide informa-
tion about the electrical structure of other bodies (e.g., the 
Moon, Europa). In the laboratory, electrical studies of rocks 
also have decades of history and development. Impedance 
spectroscopy is now a widely used and powerful approach, 
and various setups have been developed to perform these 
electrical measurements at extreme pressure and tempera-
ture conditions that represent planetary interiors. 

The range in conductivity spanned by geomaterials  
(>1010 S/m for metals to <10−20 S/m for insulating materials) 
has long been recognized as the widest of any common 
physical properties (Parkhomenko 1967). Typical conduc-
tivity values of geomaterials are illustrated in Figure  2. 
Because of the high sensitivity of rock conductivity 
to chemical composition (particularly water), texture, 
temperature, and redox conditions, electrical experiments 
performed under carefully controlled conditions in the 
laboratory are crucial for gaining fundamental insights 
into conductivity across various length scales and for 
building a useful database. Electrical measurements on 
materials from the Earth and planetary bodies are used to 
develop electrical models of the crust and mantle that can 
be compared with electrical conductivity–depth profiles of 
a planet that are derived from field observations (Fig. 1). 

Among the different methods used to probe the interior of planets and 
moons in the Solar System, the ones providing access to the electrical 
properties of rocks are particularly powerful. From field induction 

measurements to laboratory impedance spectroscopy experiments, several 
techniques explore the electrical response of geomaterials at different scales of 
observation, from planetary to atomic. Detailed snapshots of the Earth’s crust 
and mantle are obtained from the combination of magnetotelluric surveys with 
laboratory measurements. In space, induction observations complemented by 
electrical laboratory experiments have been key to defining the layered struc-
ture and thermal state of several terrestrial bodies. Future electrical investiga-
tions will continue to reveal the present structure of planetary deep interiors, 
which is necessary to decipher their evolution.
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On Earth, the combination of field and laboratory electrical 
measurements is commonly used to interpret regions of 
anomalous subsurface conductivity in terms of compo-
sition, structure, and temperature. In particular, field 
and lab data can support the presence of fluids (magma, 
brine) or volatiles such as hydrogen and can guide explo-
ration for minerals or hydrocarbons. Crustal studies have 
provided important constraints on tectonic structures and 
lithologies (e.g., faults, intrusive rocks, sedimentary basins) 
in different geological settings (e.g., Unsworth 2010) to 
understand past and present tectonic events. Surveys of the 
mantle have been conducted below the continental crust 
and the oceanic crust and define the electrical response 
both laterally and vertically. Subducting plates, defor-
mation zones in the uppermost mantle, the structure of 
mid-ocean ridges, and cratons are among the large-scale 
tectonic features targeted with these surveys (e.g., Selway 
2014).

In space, several missions have been equipped with 
instrumentation to measure induction and thereby probe 
the electrical properties of the interior. Among these 
missions are NASA’s former Apollo program to the Moon, 
the ongoing ESA/JAXA’s BepiColombo mission to Mercury, 
and NASA’s Galileo, Europa Clipper, and ESA’s JUICE missions 
to Jupiter’s terrestrial moons. Magnetometers onboard 
the spacecraft detect the induced magnetic fields that 
originate from electrical currents within the terrestrial 
body. Measurements of this kind were fundamental to 
the discovery of subsurface oceans in icy worlds, such 
as in Jupiter’s moon Europa (Kivelson et al. 2000) or the 
presence of magma inside Jupiter’s moon Io (Khurana et al. 
2011). Currently, defining the conductivity–depth profile 
of planet Mercury is an important scientific objective of 
BepiColombo (Genova et al. 2021) because the electrical 

structure of the planet can provide valuable insights into 
its interior, such as the size of the core and the thermal 
state of the mantle. 

ELECTRICAL PROPERTIES OF MINERALS
Basic Concepts
When an electric field (E) is applied to a rock, the displace-
ment of charged particles is quantified by an electric current 
density (J) that depends on the electrical conductivity (σ, 
or its inverse, resistivity ρ) of the material. The magnitudes 
of these quantities are related by Ohm’s law, which can be 
written simply for an isotropic material as

	 J = σ E	 (1)

Geomaterials may be divided into three groups, based on 
their typical conductivity values (Fig. 2): conductors (>105 
S/m), semiconductors (10−7–105 S/m), and dielectrics (or 
insulators; <10−7 S/m) (e.g., Guéguen and Palciauskas 1994). 
Electrical conductivity in a rock depends directly on the 
concentration and mobility of charge carriers (typically 
electrons or small cations). The mobility of these charge 
carriers is sensitive to temperature and the frequency of 
the applied field. 

In addition to conductivity (or resistivity), other electrical 
properties of geomaterials provide valuable information 
about rock structure and chemistry (e.g., Gerhardt 2005). 
Dielectric permittivity measurements reflect the polar-
ization of a rock and, like conductivity, depend strongly 
on the mineralogy and the water content. Polarization 
measurements are sensitive to charges at various inter-
faces. For example, fluids or sulfides within a host rock 
are of particular interest in exploration geophysics, and 
the associated interfaces can be revealed with induced 

Figure 1 Different scales of electrical observation: from planets, 
to rocks, to laboratory samples, and to atoms (left to 

right), highlighting the synergy between field and laboratory 
measurements.
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polarization measurements. Electrical anisotropy, which 
can be measured both in the laboratory and in the field, 
describes how the electrical properties of rocks vary with 
direction. In this case, the σ term of Equation 1 is no longer 
assumed to be a single scalar value, but instead is a tensor. 
These measurements are fundamental to investigating rock 
deformation in the crust and mantle (e.g., mineral align-
ment in response to shearing or compression), layering, 
and fracturing. Finally, electrokinetic properties provide 
insight into the motion of fluids through a porous rock. 
These properties are an important component of self-
potential geophysical surveys of the Earth’s crust. 

Electromagnetic Measurements on Earth 
and in Space 
Different electromagnetic techniques exist to probe the 
Earth and other celestial bodies. On Earth, magnetotel-
lurics (MT) measures the natural variations in the planet’s 
magnetic and electric fields over depths ranging from 
tens of meters to hundreds of kilometers (e.g., Chave and 
Jones 2012). Several studies have demonstrated that this 
technique is a powerful approach for mapping fluids in 
fault zones, subduction zones, and mantle plumes (e.g., 
Evans et al. 2018 and references therein). Complementary 
techniques termed controlled-source electromagnetics 
(CSEM) involve artificial EM fields that are typically gener-
ated at the surface or in boreholes, but also from airborne 
platforms, and receivers are used to detect the induced 
fields. This technique provides high-resolution maps of the 
shallow subsurface (up to a few km depth) and is exten-
sively used as part of mineral and hydrocarbon exploration 
and groundwater detection. While MT is generally used 
to probe depths from hundreds of meters to hundreds 
of kilometers, and CSEM from tens of meters to several 
kilometers, other techniques exist to probe shallower 
depths, such as ground penetrating radar (GPR), which uses 
radio waves to image the subsurface (tens of centimeters to 
tens of meters depth). 

Electromagnetic induction sounding has been success-
fully used as part of several space missions to probe the 
interior of planets and moons. This technique focuses on 
how time-varying magnetic fields induce electric currents 
in a planetary body, providing insights into the electrical 
conductivity (and thus, composition) of the interior. 
Another approach to estimate the conductivity at depth 
is to use magnetic observations as a probe of field-aligned 
electric currents. These currents are important for the 
dynamics of the magnetosphere and are influenced by the 
electrical properties of the crust and mantle. 

Like all techniques, electromagnetic measurements have 
some limitations and challenges. The most significant 
limitation is that a given dataset is unable to define a 
unique profile of electrical conductivity with depth in 
a key processing step that is known as “inversion.” The 
number of plausible electrical profiles that are consistent 
with electromagnetic data can be narrowed down when 
additional information from petrology and laboratory 
measurements is incorporated (e.g., Pommier 2014). For 
magnetotelluric measurements of the deep Earth, another 
challenge is the requirement for long time-series measure-
ments of many days or weeks duration, as well as environ-
ments with as little noise as possible. Noise from human 
activities, especially near large cities, will degrade the data 
quality.

ELECTRICAL MEASUREMENTS 
IN THE LABORATORY
Impedance spectroscopy is commonly used to investigate 
the electrical properties of geomaterials at pressure and 
temperature conditions relevant to planetary interiors. 
Using DC current and voltage is typically inadequate 
because of polarization at the rock/electrode interface, 
as well as depletion of charge carriers (e.g., ions) within 
the sample itself. During an impedance measurement, a 
sinusoidal voltage with fixed amplitude is applied to the 
sample over a range of frequencies (typically, from 1 MHz to 

Figure 2 Electrical conductivity of representative geomaterials. 
Modified after Naif et al. (2021).
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<1 Hz) and the amplitude and phase of the resulting current 
are recorded. The impedance of the sample (Z*) charac-
terizes the electrical properties at a defined frequency. In 
rocks, impedance usually consists of several resistive and 
capacitive components and is therefore a complex quantity 
with a real part (resistive component, Z') and an imaginary 
part (reactive component, Z'')

	 Z* = Z' + iZ''	 (2)

The bulk DC resistance (R) of the sample is extrapolated 
from plots of frequency-dependent values of Z'' versus Z' 
(e.g., Gerhardt 2005). The shape of the impedance spectra 
provides information on the sample, such as the presence 
of melt or the contribution from grain boundaries. The 
low-frequency conductivity of the sample, σ, or its inverse, 
resistivity ρ, is obtained using the resistance value R and 
the geometric factor G (= area/length ratio of a sample with 
cylindrical geometry):

	 σ = 1/ρ = 1/(R × G) 	 (3)

Uncertainties on electrical conductivity values are typically 
a few percent. However, performing these electrical 
measurements while the sample is subject to high pressures 
and temperatures is technically challenging, and different 
sample cells and methodologies have been developed to 
acquire impedance data that are most relevant for rocks at 
conditions of the mantle (e.g., Dai et al. 2020). Conductivity 
models of rocks can then be developed and compared with 
field electrical observations to interpret electrical anoma-
lies in terms of temperature, composition, and texture.

Connecting Laboratory Measurements with 
Field/Space Observations
Interpreting geophysical data accurately using laboratory 
measurements requires understanding the connections 
and gaps between them. Both types of measurements rely 
on the same physical properties (e.g., conductivity, permit-
tivity, polarization), and for instance, Ohm’s law applies 
both in the laboratory and in the field. By measuring the 
electrical properties of geomaterials at controlled tempera-
ture and pressure conditions, laboratory studies provide 
crucial information to interpret field and space observa-
tions. As an example, the parameters used in Archie’s law, 
which is an empirical relationship between rock conduc-
tivity and porosity, are usually derived from laboratory 
measurements and applied to the field.

However, using laboratory data to interpret electrical 
anomalies in terms of thermochemical properties requires 
careful consideration. On one hand, the small size of labora-
tory samples (e.g., ~1  mm3 in a multianvil press) might 
not be a sufficient representation of the bulk rock. On the 
other hand, large volumes probed using field techniques 
may result in data that are based on excessive heteroge-
neity in rock chemistry and fabric, as well as possibly exces-
sive averaging of temperature. Addressing the challenges 
related to scale effects and rock heterogeneity requires 
making assumptions about rock texture and chemistry. 
From a technical standpoint, laboratory measurements 
are often more sensitive to the different parameters (fluid 
content, temperature, pressure, etc.) than field measure-
ments. Laboratory experiments allow direct measurement 
of electrical properties, whereas field/space methods are 
generally indirect and often limited by noise or instrument 
resolution. These challenges can be reduced when another 
physical property is added to the investigation: for example, 
joint measurements of electrical and seismic properties 
have shed light on the structure of subduction zones (e.g., 

McGary et al. 2014). In addition, integrating petrological 
information about the geological setting is key to interpret 
field data using laboratory measurements.

CONDUCTION MECHANISMS IN MINERALS 
AND ROCKS AND CONNECTION TO OTHER 
PHYSICAL PROPERTIES

Conduction Mechanisms
The electrical response of minerals and rocks is sensitive to 
chemistry, temperature, pressure (depth), redox conditions 
(i.e., chemical reaction between an oxidizing substance 
and a reducing substance), and texture (e.g., grain size) 
(Yoshino et al. 2024). In terrestrial bodies, most minerals 
are dielectrics in the crust, semiconductors in the mantle, 
while the metallic core is a conductor.

The electrical conductivity  of crust and mantle minerals 
follows an Arrhenius equation

	 σ = (σ0/T)exp(–∆H/kT)	 (4),

where σ0 is the pre-exponential factor, ∆H is activation 
enthalpy, T is the absolute temperature, and k is the 
Boltzmann constant. The total (bulk) conductivity σ of 
a crystal is the sum of different contributions that are 
essentially controlled by the movement of charged parti-
cles within the crystal structure. These particles include 
ions (particularly protons (H+) because of their relatively 
small size and much greater mobility than other cations or 
anions), relatively delocalized or unbound electrons (e.g., 
in graphitic regions of the crust or mantle, or within the 
metallic core), and polarons (electron-lattice distortions) 
(e.g., Yoshino 2010). In minerals containing a certain level 
of H+, the movement of these ions within a crystal or along 
grain boundaries can dominate conductivity, especially at 
low temperatures. The movement of other ions (e.g., Na+) 
can be a significant or even dominant factor at high temper-
atures. In iron-bearing minerals, the transfer of charge 
between ferric and ferrous iron is called “small polaron” 
conduction, because the motion of electrons occurs simul-
taneously with distortion of the lattice (typically, oxygen 
atoms in the ligand environment of the iron metal centers). 
Pressure generally exerts a relatively minor influence on 
conductivity, at least in comparison with temperature; 
nevertheless, the impact can be quite revealing of the 
mechanism: increasing pressure usually lowers conduc-
tivity in the case of ionic transport (pore volume reduced, 
thereby impeding ion movement), whereas conductivity 
involving electron hopping between sites often increases 
with pressure (hopping distance reduced). In comparison, 
free electrons are the charge carriers in a metallic core, and 
the presence of impurities (elements such as H, S, C, Si) 
affects both the electrical and thermal properties of the 
iron alloy (e.g., Gomi and Yoshino 2018). 

Rocks are multiphase systems made up of minerals with 
different electrical properties. Different models have been 
formulated to calculate bulk rock conductivity using the 
conductivity and amount of each grain (Guéguen and 
Palciauskas 1994; Glover 2015). The presence of fluids 
(aqueous fluids, partial melt) and impurities at grain 
boundaries (e.g., graphite, sulfides) can increase bulk 
conductivity significantly, depending on the amount and 
interconnectivity of these phases (Tauber et al. 2023 and 
references therein). 
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Rethinking Rock Digestion:  
Modern Dissolution Strategies in Geochemistry
Accurate elemental and isotopic analysis of 
geological materials depends fundamentally on 
complete and reproducible sample dissolution. 
While analytical instrumentation has evolved 
rapidly over recent decades, the digestion of 
silicate rocks remains one of the most critical 
steps in geochemical workflows.

Unlike many environmental, food, or biological 
matrices, rocks present extreme chemical and 
mineralogical diversity. Silicate frameworks, 
refractory accessory phases, high field strength 
elements (HFSE), and variable concentrations 
of Ca, Mg, and Al introduce both kinetic and 
thermodynamic constraints. The challenge is 
not simply dissolving a sample, but achieving 
complete decomposition without loss of target 
elements, formation of insoluble fluorides, or 
contamination from handling procedures.

Conventional Wet Chemistry 
Approaches
Whole rock digestion in academic laborato-
ries has traditionally relied on two principal 
strategies: low-pressure hotblock digestion 
and high-pressure digestion in metal-jacketed 
polytetrafluoroethylene (PTFE) vessels.
Hotblock digestion using HF and HNO₃ in perflu-
oroalkoxy (PFA) beakers remains common for 
silicate rocks that lack resistant phases such as 
zircon or spinel. Operating at 130 to 170 °C for 48 
to 72 hours, the method is long and requires prior 
knowledge of mineralogy, as incomplete disso-
lution may only become evident after residue 
inspection.
High-pressure digestion in metal-jacketed PTFE 
vessels improves recovery of refractory minerals 
and offers better control of reaction conditions. 
However, it involves multiple handling steps, HF 
conversion management, and extensive cleaning. 
Opening vessels after digestion introduces safety 
considerations, and the method remains reagent 
intensive.
These approaches have enabled decades of 
high-quality geochemical research. However, 
increasing demands for reproducibility, opera-
tional safety, and throughput have prompted 
renewed assessment of dissolution strategies.

The Role of Refractory Phases
Many digestion challenges stem from resis-
tant mineral phases. Zircon, monazite, spinel, 
chromite, and rutile may host trace elements 
critical for petrogenetic interpretation. Partial 
digestion can lead to underestimation of HFSE 
and rare earth elements (REE), directly affecting 
geochemical modeling.

Fluoride complexation further complicates diges-
tion chemistry. High Ca and Mg concentrations 
may promote formation of CaF2 or MgF2, while 
Al-rich systems can form AlF3 complexes that 
sequester trace elements. Effective digestion there-
fore requires appropriate temperature, pressure, 
acid sequencing, and fluoride management.

Emerging Microwave Strategies
Microwave-assisted digestion has significantly 
improved sample preparation compared to 
conventional hotplate methods. Rotor-based 
microwave systems have enhanced reproduc-
ibility, operator safety, productivity, and analyt-
ical turnaround time, and they remain highly 
effective across many applications.

In silicate rock digestion, however, material 
constraints must be considered. Rotor systems 
rely on polymeric digestion vessels that offer 
excellent chemical resistance but impose practical 
limits on sustained temperature and pressure. 
Routine operation above approximately 240 to 
250 °C for extended hold times is generally not 
feasible due to thermomechanical limits of the 
vessel materials.

For many rock types this is sufficient. When 
highly resistant phases such as zircon or monazite 
are present, however, higher temperatures 
maintained for longer periods may improve 
dissolution efficiency. These operational bound-
aries have prompted development of alternative 
microwave architectures capable of sustained 
elevated temperature conditions.

Single Reaction Chamber Concepts
An alternative approach uses a single high-
pressure reaction chamber in which multiple 
samples, each contained in individual vials, are 

processed simultaneously. The entire chamber 
reaches uniform temperature and pressure condi-
tions, while each sample can contain its own 
optimized acid mixture.

Uniform reaction conditions reduce variability, 
and independent acid chemistries allow felsic, 
mafic, sedimentary, and ore samples to be 
processed reliably. Automated pressure control 
and venting further improve workflow safety.

High-temperature capabilities above 250 °C 
enhance dissolution kinetics for refractory 
mineral phases. Combined with controlled 
fluoride management and dry down procedures, 
this approach supports reliable decomposition 
across a wide range of rock types.

Implementing High-Pressure Single 
Reaction Chamber Digestion in 
Academic Laboratories
The latest implementation of the single reaction 
chamber concept is the Milestone ultraWAVE 
3 system, designed to address the challenges 
associated with complete digestion of complex 
inorganic matrices in geochemistry laboratories.

Unlike rotor-based systems, ultraWAVE 3 operates 
with a single stainless-steel chamber lined with 
PTFE, capable of reaching 300 °C and pressures 
approaching 200 bar. Individual quartz or PTFE 
vials allow each sample to be digested using its 
own optimized acid mixture while multiple 
samples are processed simultaneously. This 
configuration eliminates the need for uniform 
acid chemistry across a batch.

Independent acid composition is particularly 
valuable in geochemistry laboratories where 
lithological diversity is common. Felsic samples 
containing zircon or monazite may require HF, 
HNO3, and HCl combinations with extended hold 
times, while other matrices demand modified 
fluoride management.

Elevated temperature improves dissolution 
kinetics of resistant phases. Combined with 
controlled dry down procedures, this supports 
accurate quantification of trace elements.

Blank control is equally important. Reduced acid 
volume per sample, use of high purity materials 
such as quartz and PTFE, and minimized surface 
contact contribute to lower procedural blanks. 
These characteristics are essential for laboratories 
operating at low detection limits or performing 
isotopic measurements.

Table 1 OVERVIEW OF THE CONVENTIONAL WET CHEMISTRIES APPROACHES.

Metal-jacketed PTFE vessel Screw-top PFA beaker

Type of digestion vessels

Overall time Up to 5 days Up to 3–4 days

Heating source Conventional oven Hot plate

Throughput Very limited Good throughput

Cleaning Laborious cleaning Careful cleaning, including of beaker 
exteriors

Safety Operator health and safety risks Involves many manual steps with 
potential for spills Figure 1 Rotor-based microwave digestion.
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Electrical Conductivity and Other Physical 
Properties of Geomaterials
The electrical properties of geomaterials are related to other 
transport properties, such as diffusion, viscosity, and 
thermal conductivity. For instance, ionic conductivity 
is directly related to the diffusion of ionic species, as 
expressed in the Nernst-Einstein equation:

	 σ = fDnq2/(RT)	 (5),

where f is a constant, D is the diffusion coefficient of the 
charged species, n is the concentration of ionic species, q 
is the electric charge of the species, R is the gas constant, 
and T is the temperature. The viscosity η of a silicate melt 
can be inferred from its electrical conductivity using the 
modified Stokes-Einstein equation
	 σ T = a (T/η)b	 (6),

where a and b are constants. Relating conductivity and 
viscosity provides an opportunity to interpret electrical 
field observations in terms of melt dynamics at depth 
(Pommier et al. 2013). The fundamental connection of 
melt viscosity to seismic velocity, as well as to electrical 
transport (Eq. 6), makes joint magnetotelluric and seismic 
measurements a powerful approach to estimate mantle 
viscosity (Ramirez et al. 2022). Electrical conductivity 
data of core analogs can be used to estimate their thermal 
conductivity. This physical property is key to model the 
power available to the dynamo as a planetary core cools  
(Williams 2018). The Wiedemann-Franz law expresses a 
simple correlation between both properties

	 κ = L T σ	 (7),

where κ is the thermal conductivity generated by thermal 
transport by electrons, and L is called the Lorenz number 
(approximately 2.44 × 10−8 W Ω K−2). For iron alloys, 

Equation 7 only provides a lower bound of thermal 
conductivity because phonons also contribute to κ (e.g., 
Williams 2018). 

Electrical properties of geomaterials can be used in parallel 
with the aforementioned transport properties to gain a 
richer view of a planet’s interior structure and dynamics.

ELECTRICAL IMAGING OF THE EARTH’S 
CRUST AND MANTLE
Electromagnetic studies of subduction zones, mid-ocean 
ridges, or cratons provide a snapshot of the present-day 
structure and thermal state of the Earth. The variations 
in conductivity revealed in these studies have been key 
to understanding geological, geothermal, and tectonic 
processes. As an example, our understanding of the struc-
ture and rheology of the Tibetan Plateau has strongly 
benefited from MT studies that have revealed a highly 
conductive lower crust (e.g., Le Pape et al. 2012), with 
localized electrically conductive anomalies with values 
ranging from 0.1 to 1 S/m. Based on electrical laboratory 
measurements, these values are best reproduced with the 
presence of aqueous fluids and/or partial melting, and 
partial melting is consistent with the significant heat flow 
in this region. Another example is the recent investigation 
of the North American Midcontinent Rift using EarthScope 
USArray and Lithoprobe magnetotelluric data (Lin et al. 
2024; Fig. 3A). The 3-D inversion of the data revealed 
multiple conductors in the crust and uppermost mantle, 
including a highly conductive linear anomaly extending 
for over 300 km within the Superior Craton lithospheric 
mantle. Highlighting the ambiguities in interpreting 
conductive bodies at depth, this feature was interpreted 
by Lin et al. (2024) as the signature of a former plume tail 
but has been re-interpreted by Roots et al. (2025) as an 
artifact caused by large-scale anisotropy. 

More generally, electromagnetic studies of the Earth’s 
crust and mantle have revealed the layered structure of 
the planet (Fig. 3B): the crust (~0–10 km depth for the 
oceanic crust, ~25–70 km for the continental crust) has a 
variable conductivity caused principally by different rock 
types and the distribution of fluids and temperature, which 
are ultimately controlled by tectonic setting and geologic 
history. On the basis of temperature alone, the lower crust 
should be more conductive than the upper crust, but crustal 
conductivity is also determined by the presence of fluids, 
partial melt, and conductive minerals such as graphite or 
sulfides. In the upper mantle (up to 410 km depth), the 

Figure 3 Examples of electrical imaging of the Earth’s crust and 
upper mantle: (A) Conductivity model derived from 

MT 3-D inversion of the North American Midcontinent Rift system 
and possible interpretation of the main conductors (after Lin et al. 
2024). The dashed white lines indicate the seismic Moho disconti-
nuity and the lithosphere-asthenosphere boundary (LAB). PP = 
Penokean Province; MRV = Minnesota River Valley; WA = 
Wawa-Abitibi; WW = Western Wabigoon; WR = Winnipeg River; 
ER = English River; NFZ = Niagara Fault Zone; GLTZ = Great Lakes 
Tectonic Zone. (B) 1‐D conductivity–depth profiles from various 
oceanic settings (Evans et al. 2018 and references therein).

A B
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lateral and vertical distribution of temperature, partial 
melt, and volatiles (H, C) in mantle silicates result in a large 
variation in conductivity values (from ~10−3 to ~10−1 S/m). 
The transition zone starting at 410 km depth is electri-
cally conductive, possibly because of partial melt and/or 
hydrogen. The lower mantle (>660 km) is poorly resolved 
by MT measurements but appears usually more resistive 
than the transition zone, reflecting changes in mineralogy.

ELECTRICAL STRUCTURE OF OTHER 
PLANETS AND MOONS 
Electrical conductivity profiles of the interior of the Moon, 
Mercury, and Io are shown in Figure 4. Electromagnetic 
measurements as part of the Apollo missions to the Moon 
have inferred bounds on the electrical conductivity of the 
crust and mantle (Hood et al. 1982). Using electrical labora-
tory experiments of lunar crust and mantle analogs, as well 
as petrological constraints, conductivity–depth profiles of 
the Moon have been developed and compared with field-
based models. Results indicate that the deep interior is 
consistent with the presence of silicate melt.

Upcoming measurements of Mercury’s magnetic field 
will shed light on the interior structure, as well as the 
dynamo generated in the metallic core (Heyner et al. 2021). 
Electrical measurements in the laboratory on analogs of the 
mantle and core can be used to develop conductivity–depth 
profiles of the planet for a defined thermal state (Pommier 
et al. 2025). These profiles can be tested with induction 
data from future observations from BepiColombo. Mercury 
represents a special case among terrestrial planets because 

it lacks a substantial ionosphere (caused by a low gravita-
tional constant, in combination with a hot surface). As a 
result, field-aligned currents originating in the magneto-
sphere are not diverted through an ionospheric layer—as 
at Earth—but may instead penetrate the planetary interior 
and close the loop at depth. This system of currents gener-
ates secondary magnetic fields that are observable outside 
the planet (Heyner et al. 2021). The interior conductivity 
profile of the planet significantly affects the geometry 
and amplitude of the field-aligned currents. This unique 
electromagnetic coupling between the magnetosphere and 
the solid planet provides a valuable means of probing the 
compositional and thermal properties of Mercury’s crust 
and mantle.

Defining the electrical structure of Jupiter’s moon Io is 
important to understand the distribution and amount 
of magma at depth, the present-day thermal state, and 
inform about cooling processes. Io is a highly active 
volcanic world, with several peculiarities concerning its 
interior, surface, atmosphere, and relationship to other 
bodies within the Jupiter system (Pommier and McEwen 
2022). Assuming a partially molten silicate mantle hosting 
a sheared, melt-bearing shallow layer, and a metallic core, 
a preliminary conductivity profile of the interior can be 
calculated. New observations as part of future missions 
are needed to compare this profile with field electromag-
netic measurements. On Ganymede, in situ measurements 
from the past Galileo mission and ongoing measurements 
from the Juno mission point to the presence of a global 
liquid water ocean underneath a thick icy crust (Kivelson 

Figure 4 Electrical conductivity–depth profiles (red) of 
Mercury, the Moon, and Io for the corresponding 

thermal profiles (blue). Electrical conductivity models are based on 
laboratory experiments. For the Moon and Mercury, field-based 

models are also shown (pink). The internal structure of Io is still 
uncertain; therefore, the thicknesses of the different layers are 
given as ranges. References are listed in the online supplement.
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et al. 2002). Jupiter’s tilted magnetic dipole and the moon 
orbit provide the time-varying inducing field. Exploiting 
different induction frequencies can help place constraints 
on the estimated thickness and salinity of the global water 
ocean. In addition, at the Galilean moons, the Clipper and 
JUICE missions aim to estimate density and conductivity in 
tandem. In turn, results from gravity measurements impact 
those from conductivity measurements, and vice versa.

PERSPECTIVES
Electrical measurements are an extraordinary tool to 
visualize the interior of terrestrial bodies and understand 
the chemical and physical processes in geomaterials that 
comprise their interior. Major technological advances, both 
in the field and in the lab, allow the electrical properties 
of planets and moons to be probed from the scale of atoms 
to that of crusts, mantles, and cores. The combination 
of laboratory results with field observations has yielded 
important insights into the structure and dynamics of the 
Earth’s crust and mantle, and is an excellent approach to 
investigating other planets and moons in the Solar System. 
Electrical measurements complement other geophysical 
methods, such as seismology and gravimetry, providing 
unique insight into the thermophysical properties of our 

planet and other bodies in the Solar System. This synergy 
can be strengthened both with new field surveys and 
laboratory studies, especially on samples with compli-
cated textures and chemistry, as observed in nature. 
Induction measurements are a key component of space 
missions and should definitely be part of future missions 
to terrestrial bodies.
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