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3 . RADAR (high-frequency EM) methods

Electro-magnetic properties
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Electromagnetic properties

• Electrical resistivity  [m] or its inverse 

(Electrical conductivity = [S/m])

Pivotal for all the EM methods

✓ Capability of a medium to resist (favour) an electric 

current flow I

• Electrical permittivity  [F/m]

Important only for high-frequency EM methods

✓ Capability of a medium to resist the formation of an 

electric dipole in response to an applied electric field E

• Magnetic permeability  [H/m]

Negligible for almost all EM methods, except for mineral 

exploration

✓ Capability of a medium to favour the formation of 

magnetic dipole in response to an applied magnetic 

field H
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Resistivity vs. Resistance

Resistance is relevant only to a particular measurement circuit

Resistivity is an intrinsic property of physical materials

If we are able to directly measure or indirectly infer from 

other measurement the resistivity, we can assess the 

capability of a medium to be a good conductor or not

Through the resistivity distribution, we can evaluate some 

key physical parameters (saturation, porosity, fracturing, 

lithology, construction materials, etc.)
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Types of conduction

1. Electronic or ohmic conduction 

Electrons are charge carriers

A property of metals (in geophysics this type of 

conduction is almost not visible – only for native 

metals)

2. Electrolytic or ionic conduction 

Ions dissolved in a fluid are charge 

carriers

A property of the fluids that often occurs in 

geophysics because rocks and soils are often 

filled by water
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Resistivity of minerals

Minerals can be classified into three groups:

• conductors ( < 10-7 m)

• semiconductors (10-7 <  < 103 m)

• dielectrics (or insulators) ( > 103 m)

Conductors

In nature, only the native metals can be considered as conductors (copper, gold,

silver, platinum etc.). Since the rates of their occurrence is low, their influence on the

resistivity of rocks is generally not significant .

Semiconductors

Metal oxides and sulphides belong to the group of semiconductors.

Dielectrics

The common rock-forming minerals (quartz, feldspar, mica, pyroxene, amphibole,

olivine, calcite etc.) and most of the other minerals behave as dielectrics in electric

fields.
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Resistivity of soils and rocks

Soils and rocks are multiphase media 

The final resistivity is the combination of the resistivity of the single component

Solid

Minerals 

(high resistivity)

Liquid

Mainly water 

(low resistivity)

Gas

Mainly air

( = ∞)

Resistivity of the multiphase medium

Combination of the three contributions
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Resistivity of soils and rocks

Since the effective resistivity of soils and rocks is much lower than that of minerals, 

electric current flows mainly through ions within pore fluids

electrolytic conduction

0.01 0.1 1 10 100 1000 10000

SOILS

dry sand and gravel

saturated sand

saturated sandy silt 

clayey silt

clay

ROCKS

igneous rocks (not weathered)

saturated tuff 

limestone and dolomite

marly limestone

marls

scists

FLUIDS

fresh groundwater

salt-water

Resistivity (m)
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Resistivity of anthropogenic materials

1.E-8 1.E-6 1.E-4 1.E-2 1.E+0 1.E+2 1.E+4 1.E+6 1.E+8 1.E+10 1.E+12 1.E+14

metals

concrete

tuff 

bricks

marble

woods

ceramics

glass

rubbers

polymers

Resistivity (m)
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Resistivity of soils and rocks

Porosity 𝜙 =
𝑉𝑉
𝑉𝑇

VV pore volume

VT bulk volume (including both solid and pores components)

 is dimensionless and theoretically can vary 

between 0 (solid material) and 1 (only pores). 

Practically  varies from 0.01 (solid granite) to 0.5 

(clay)

Water 

saturation
𝑆 =

𝑉𝑊
𝑉𝑉

=
𝑉𝑊
𝜙𝑉𝑇

VW water volume

S is dimensionless and can vary between 0 

(dry material) and 1 (saturated material)

Higher porosity
Lower 

resistivity

Higher water 

saturation

Lower 

resistivity

At a fixed water saturation

At a fixed porosity
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Resistivity of soils and rocks

𝜌 = 𝑎𝜙−𝑚𝑆−𝑛𝜌𝑤

In many observations resistivity  and porosity  are strongly correlated (  2)

 porosity

S degree of saturation

w fluid resistivity (water) [m]

a tortuosity factor

m cementation exponent

n saturation exponent

Archie’s law
(empirical, 1941)

empirical coefficients 

(dimensionless)

theoretically  and S range from 

0 to 1 (dimensionless)

Formation factor 

(depends only on soil 

or rock properties)

Archie's Law is not valid for rocks containing a significant percentage of clay

Hp1. Rock/soil matrix is formed by non-conductive minerals

Hp2. The conduction is electrolytic – there is a significant amount of water

𝜎 =
𝜙𝑚𝑆𝑛𝜎𝑤

𝑎
in terms of conductivity
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Resistivity of soils and rocks

Formation factor 𝐹 = 𝑎𝜙−𝑚
The formation factor depends on:

• porosity

• pore geometry - tortuosity

• Lithology

• degree of cementation

• clay content

• a and m can vary significantly 

as a function of the lithology

• for an accurate estimation of F, 

a and m should be derived from 

laboratory tests 

𝐹 =
1

𝜙2

We can set a=1 and m=2 

for many rocks and soils 

(first approximation value)
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Resistivity of soils and rocks

Saturation

𝜌 = 𝐹𝑆−𝑛𝜌𝑤 𝑆𝑛 =
𝐹𝜌𝑤
𝜌

Saturation exponent n depends on:

• wettability of rock surface 

• rock texture 

• clay content

• fluid type
We can set n=2 for many 

rocks and soils (first 

approximation value)

𝑆2 =
𝐹𝜌𝑤
𝜌

𝑆 =
𝐹𝜌𝑤
𝜌

Archie’s law 
with first approximation 

coefficients

𝜌 =
𝜌𝑤
𝜙2𝑆2
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Resistivity of soils and rocks

Archie’s law: examples

Calculate the resistivity of the medium knowing the water resistivity and the porosity under the 

assumption of fully-saturated medium (S = 100%).

𝜌 =
10

(0.2)2
= 250 Ωm

w =10 m

 = 20% (0.2)

Ex. 1

Ex. 2
Calculate the porosity knowing the resistivity of the medium and the water resistivity, under the 

assumption of fully-saturated medium (S = 100%).  

𝜙 =
10

250
= 0.2 (20%)

w =10 m

 =250 m

Ex. 3
Calculate the resistivity of the medium knowing the water resistivity and the porosity for a 

partially-saturated medium (S = 50%).

w =10 m

= 20% (0.2)

S=50% (0.5)

𝜌 =
10

(0.2)2(0.5)2
= 1000 Ωm
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Resistivity of soils and rocks

Clay content 
(% particles < 2m)

Coarse fraction
(% particles > 75 m)

Resistivity strongly decreases (1/6) passing from 10 to 40% of clay content 

1. The clay soils are rich in water

2. The clay minerals can absorb cations in an exchangeable state on the surface 

(surface conductivity)
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Resistivity of soils and rocks

Clay particles has a net negative charge on their surface (for structural reasons). 

Therefore, positive dissolved ions can be adsorbed on clay surface. This effect 

create a huge increase of ions concentration near the grain surface and therefore of 

the electric conduction. The same is valid also for a metal particle.  

(only for metals)

Cross-section of the neighbourhood of a clay particle



electrolytic conduction 

(Archie’s Law)

𝜎 =
𝜙𝑚𝑆𝑛𝜎𝑤

𝑎
+ 𝜎𝑠 + 𝜎𝑚
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Resistivity of soils and rocks

Total conduction

surface conduction

(for clays and few 

other special cases)

Clay particle

Metal particle

Clay particles has a net negative charge on their surface (for structural reasons). 

Therefore, positive dissolved ions can be adsorbed on clay surface. This effect 

create a huge increase of ions concentration near the grain surface and therefore of 

the electric conduction. The same is valid also for a metal particle.  

matrix conduction

(almost always 

negligible – except 

than for metal grains)
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Resistivity of soils and rocks

Temperature and salinity of fluids

Increasing

temperature

Increasing

salinity

𝜌𝑤 (𝑇) =
𝜌𝑤,0

1 + 𝛼 𝑇 − 𝑇0

However, ice has a 

completely different 

behaviour

𝛼  0.02 °C-1
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Electrical permittivity

The electrical permittivity is a measure 

of resistance encountered when 

applying an electric field in a medium

V
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U
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U

U
M

Before the 

application of an 

electric field

After the 

application of an 

electric field

+

+

+

-

-

-

The plates are instantaneously charged 

Before the 

application of an 

electric field 

(random orientation)

After the 

application of an 

electric field

+

+

+

-

-

-

The electric charge arrives at the positive plate 

after a certain delay time proportional to the 

medium  polarization

+-

+-
+-

𝜀 = 𝜀0𝜀𝑟

electrical permittivity of 

free space ≈ 8.8·10-12 F/m

relative permittivity

or dielectric constant

𝜀𝑟 = 1 vacuum
𝜀𝑟 > 1 medium
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Electrical permittivity

Polarization mechanisms

High-frequency

f0 >106 Hz

Polarization

Low-frequency

f0 < 106 Hz

Electronic

Maxwell-Wagner (or Interfacial)

Atomic (or Ionic)

Dipolar (or Orientational)

EDL

Membrane

Pore throats

Electrode

Biochemichal
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Electrical permittivity – High-frequency polarization

High-frequency polarization mechanisms

Electronic Ionic Dipolar

Shift of the 

electronic cloud 

under the action 

of an external 

field

Deformation of 

molecules in the 

direction of the applied 

field

Gradual orientation of 

dipoles towards the 

field direction
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Polarization (video)

Electrical permittivity – High-frequency polarization
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Electrical permittivity – High-frequency polarization

High-frequency polarization vs. dielectric constant

The whole contribution in polarization for each frequency is the sum of the contributions 

of each type of polarization at one frequency.

At high frequencies we have only dipolar, ionic and electronic polarization

Ionic

polarization
Electronic

polarization

Dipolar

polarization

Interfacial

polarization

RADAR 

frequency range

r
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Electrical permittivity

Classification of materials for polarizability

Nonpolar materials: only displacement of the electron cloud: electronic polarization. 

Such materials are generally referred to as elemental materials.

Polar materials: displacement of electron clouds and of the relative positions of ions: 

electronic and ionic polarization. The total polarizability is:

An example of such materials is salt (NaCl).

Dipolar materials: displacement of electron clouds, of the relative positions of ions and 

of dipoles: electronic, ionic and dipolar polarization. The total polarizability is:

Not all materials display the three mechanisms

𝛼 = 𝛼𝑒 + 𝛼𝑖

𝛼 = 𝛼𝑒 + 𝛼𝑖 + 𝛼𝑑

 - polarizability 

An example of such materials is water (H2O).
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Electrical permittivity – Low-frequency polarization

a) EDL polarization: ions re-distribution

through tangential and/or normal

displacements at the fluid/grain

interface

b) Membrane polarization: inclusions

act as a semi-permeable membrane,

creating ion accumulation and

deficiency zones

c) Polarization associated with pore

throats: throats can favour the ion-

selective behaviour

d) No interfacial polarization: layering

is parallel to the electric field

e) Maxwell (interfacial) polarization:

layering is normal to the electric field

f) Wagner (interfacial) polarization:

dielectric medium with conductive

inclusions (e.g. metals)



Electrode polarization 

(metalic grains)

Membrane polarization

(clay particles)

Biochemical polarization
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Electrical permittivity – Low-frequency polarization
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Electrical permittivity of soils and rocks

Soils and rocks are multiphase media 

The global dielectric constant is the combination of the values of the single component

Solid

Minerals 

(low r)

Liquid

Mainly water 

(r  80)

Gas

Mainly air

(r  1)

Dielectric constant of the multiphase medium

Combination of the three contributions
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Materiale r  [S/m] 

Aria 1.00034 0 

Acqua distillata 80 10-6 

Acqua dolce 80 0.01 - 0.2 

Acqua salata 80 5 

Ghiaccio 3-4 10-5 - 10-8 

Sabbia asciutta 3-5 10-3 

Sabbia satura 20-30 2∙10-2 - 5∙10-3 

Calcari e dolomie 4-8 10-3 - 10-4 

Limo 5-30 2.5∙10-2 - 5∙10-2 

Argilla 5-40 0.05 - 0.5 

Granito 4-6 10-4 - 5∙10-5 

 

Air

Distilled water

Freshwater

Saltwater

Ice

Dry sand

Saturated sand

Limestone and dolomite

Silt

Clay

Granite

Electrical permittivity of soils and rocks
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Topp’s law
(empirical, 1980)

𝑤 =
𝑃𝑤

𝑃𝑠
water content

r dielectric constant

𝜀𝑟

w

𝜀𝑟 = 3.03 + 9.3𝑤 + 146𝑤2 + 76.7𝑤3

Calculate the dielectric constant for a 

medium having w=30%

Ex. 1

𝜀𝑟 = 3.03 + 9.3 ∙ 0.3 + 146 ∙ 0.32 + 76.7 ∙ 0.33

𝜀𝑟 ≅ 21

Hp. only for three-phase media

Electrical permittivity of soils and rocks
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Magnetic permeability

The magnetic permeability is the ability 

of a medium to support the formation of 

a magnetic field

𝜇 = 𝜇0𝜇𝑟

magnetic permeability of 

free space ≈ 410-7 H/m

Relative permeability 

or magnetic constant

𝜇𝑟 = 1
𝜇𝑟 ≈ 1
𝜇𝑟 > 1
𝜇𝑟 < 1
𝜇𝑟 ≫ 1

For most rocks and soils → 𝝁𝒓 ≈ 𝟏

vacuum

non-magnetic materials

paramagnetic materials

diamagnetic materials

ferromagnetic materials

paramagnetic       non-magnetic        diamagnetic 

𝜇𝑟 ≈ 1


	Diapositiva 1: Environmental geophysics
	Diapositiva 2
	Diapositiva 3
	Diapositiva 4
	Diapositiva 5
	Diapositiva 6
	Diapositiva 7
	Diapositiva 8
	Diapositiva 9
	Diapositiva 10
	Diapositiva 11
	Diapositiva 12
	Diapositiva 13
	Diapositiva 14
	Diapositiva 15
	Diapositiva 16
	Diapositiva 17
	Diapositiva 18
	Diapositiva 19
	Diapositiva 20
	Diapositiva 21
	Diapositiva 22
	Diapositiva 23
	Diapositiva 24
	Diapositiva 25
	Diapositiva 26
	Diapositiva 27
	Diapositiva 28
	Diapositiva 29

