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ABSTRACT

Some soils can adversely affect the operation of sensitive metal detectors widely used to detect buried landmines.
Although there has been some related work in geophysics, researchers in metal detection techniques, until very
recently, seem to have largely ignored the issue of problem soil. As a result, rigorous scientific investigations
of how soil electromagnetic properties may affect the operation of metal detectors are lacking. Thus, there is a
need for theoretical and experimental studies to clarify which electromagnetic properties are important and to
what extent they affect the performance of metal detectors of various designs. The paper presents a systematic
analytical framework, based on existing work in geophysics and non-destructive testing, for studying the effects
of soil electromagnetic properties on the functioning of metal detectors. For this initial study the burial medium
is modelled as a half-space. While soil electrical conductivity has been assumed to be real and independent
of frequency, soil magnetic susceptibility has been modelled as complex and frequency dependent. Simplified
versions of the analysis techniques have been applied to three selected cases of practical importance, namely,
non-conducting soil with constant susceptibility, non-conducting soil with frequency-dependent susceptibility and
non-magnetic soil with constant conductivity. Results from a preliminary analysis of even these simple cases
explain a number of previous experimental observations, for example, the greater influence of magnetic properties
than of electrical conductivity on the performance of metal detectors.

Keywords: landmine detection, humanitarian demining, soil electromagnetic properties, world soil database,
soil magnetic susceptibility, soil electrical conductivity

1. INTRODUCTION

The metal detector is one of the most commonly used detection tools in humanitarian demining. The operation
of the metal detector is based on the principle of electromagnetic induction. The signal produced in a detector
by a metal object depends on many factors including the object’s size, shape, orientation, material and the
parameters of the detector electronics. One of the other important factors that can influence this signal is the
host soil. The adverse effect of certain types of soil on metal detectors was recognized during World War II and
some detector models were fitted with a means to reduce the “pavé effect”, so called for its association with road
stones containing particles of magnetic iron oxides [1, 2]. During the period 1945-47, the effect of different rocks
and soils on the performance of the U.S. SCR-625 mine detector was studied [3]. A summary of some aspects
of U.S. research from this era on the implication of magnetic soil for mine detection can be found in [4]. In the
intervening time since these studies were done, the issue of dependence of metal detector performance on soil
properties appears to have kept a low profile in the mine detection community. Users are once again finding
[5, 6] that certain soils can (1) reduce the sensitivity of detectors to an extent that they cannot detect targets to
desired depths; (2) cause false targets; and (3) in extreme cases, render some detectors totally unusable. This
so-called “Soil Problem” may be much more severe at the present time than during previous conflicts. This is
because antipersonnel landmines, which contain a minimal amount of metal, are presently very common and are
widely used. Although it is generally known that certain soils are a problem, there is much confusion in the user
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community and even in the research community about what causes the problem or how to characterize it. One
often hears people use terms like “conducting soil”, “lateritic soil”, “red soil”, “iron bearing soil”, “mineralised
soil” and so on to describe the problem. In an attempt to characterize the effect, investigators have often carried
out only a textural and chemical analysis of the soils, instead of measuring their electromagnetic properties.

Currently a large variety of metal detectors on the market are being aimed at the humanitarian demining
community. The capability and performance of these detectors vary widely. While some of the better detectors
(fewer than five) may be able to adequately detect small landmine targets in “problem” soils, this aspect of
detector performance is of great importance and impacts heavily on the selection of new detectors by demining
organizations and by the military. Manufacturers are competing to design detectors that can deal with “problem”
soils in a better way.

Thus, there is a need to clarify and advance the knowledge of the effect of soil properties on the functioning of
metal detectors and its implication for humanitarian demining. Efforts in the following interrelated areas would
be required to meet this need:

1. Analytical and numerical modelling of electromagnetic response of soils to investigate which electromagnetic
properties are important and to what extent they affect the performance of metal detectors of various
designs, employing continuous wave as well as pulse induction principles.

2. Development of instruments and measurement protocols to characterize and develop models for relevant
soil properties. Of particular interest are instruments that can measure the complex magnetic susceptibility
of soil over a frequency band of interest in metal detection or the equivalent decay of soil magnetization in
the time domain.

3. Development and experimental validation of a practical methodology to relate performance of detectors of
various designs to measured soil electromagnetic characteristics.

4. Development of a database of identified soil electromagnetic properties for soils in landmine affected regions.

The Canadian Centre for Mine Action Technologies (CCMAT) is currently investigating all four of these areas,
but this paper will be limited to a discussion of a preliminary theoretical investigation of electromagnetic response
of soil. For this initial study the ground is modelled as a half-space, and techniques well known in geophysics
and non-destructive testing (NDT) are used to compute electric and magnetic fields required to determine the
detector response. While soil electrical conductivity has been assumed to be real and independent of frequency,
soil magnetic susceptibility has been modelled as complex and frequency-dependent. In Section 2 the general
analytical framework is presented and its application to three specific cases of soil is discussed in Section 3. A
summary and an indication of future work are provided in Section 4.

2. ANALYSIS

It is an understatement to say that the electromagnetic response of the earth modelled as a layered medium
has been investigated extensively in geophysics (see for example [7]) and radio science (see for example [8]).
Similar analytical techniques have been used in NDT (see for example [9]). The work in geophysics often uses
a dipole source and receiver, and concentrates primarily on conductivity of the earth, assuming its magnetic
susceptibility to be zero. When non-zero susceptibility is considered, it is almost always assumed to be a real
constant independent of frequency (some exceptions are [10–12]). As well, the spatial and temporal scales of
geophysical exploration instrumentation are much larger than those of the metal detector. Although the scales
involved in NDT may, in some cases, be comparable to those in the metal detector application, the host media
involved are metals with very high conductivity and magnetic permeability (often assumed to be a real constant).
Metal detectors employed in demining use sensor coils with equivalent radii in the 10-15 cm range∗. The highest
transmitted frequency in a continuous-wave detector is usually less than 50 KHz. In some time-domain systems

∗Note that induction sensors used in UXO detection, which is very different from landmine detection, can employ
much larger coils (typical equivalent radius in the ∼ 50 cm range).



the fall time of the transmitter current pulse could be as short as 1 µs. The targets of interest, which are
typically metal items only a few millimetres in size, are buried within the top few centimetres (maximum depth
is commonly assumed to be ∼30 cm) of soil. Because the landmine problem is currently more prevalent in
tropical regions of the world, the commonly encountered soil in demining could be quite magnetic and have
a susceptibility which needs to be modelled as complex and frequency dependent. Thus, while the analysis
techniques developed in other fields, such as geophysics and NDT, are directly applicable to the metal detector
problem, most of the existing results need to be modified and recomputed using sensor, target and soil parameters
that are representative of the mine detection application. Most of the work in understanding and mitigating,
without severely reducing sensitivity to targets, the adverse effect of some soils on metal detectors appears to
have been done by detector manufacturers, only some of whom (e.g., [13]) have publicly divulged their findings.
As well, results of related earlier work [3] are also not widely available. Only very recently have other researchers,
in mine detection and related fields, started to investigate the effect of soil [14–17] †. The cases studied in [14, 15]
belong to UXO detection, investigation carried out in [16] is solely experimental, and [16] treats primarily the
case of constant magnetic permeability. Analysis and results presented here will complement and extend the
results of these previous efforts.

2.1. Soil electromagnetic properties

The literature on the various aspects of electromagnetic properties of soil is extensive and it is beyond the
scope of this paper to attempt a review. Only a few references have been, which, along with their associated
bibliography, should provide a useful glimpse of the subject. General and relatively recent reviews and discussion
of conductivity, permittivity and permeability can be found in [18, 19]. Discussions of the many aspects of soil
magnetism, which is of primary interest here, can be found in [20, 21]. Olhoeft [22] provides an extensive
bibliography of the relevant literature (up to 1972) along with a discussion of time dependent magnetization
and the various models used to represent it. Other discussions of time dependent magnetization and magnetic
viscosity, as they relate specifically to soil, can be found in [23–26].

For the purpose of this paper, a discussion of soil constituents and physical processes leading to their electro-
magnetic properties is not needed. It can, however, be found in the literature cited above. It will suffice to state
the models used for the electromagnetic properties in the analysis. The permittivity of soil will be assumed to
be frequency-independent, the same as that of free space and will be often neglected in numerical calculations.
However, the analysis is valid for an arbitrary value of permittivity (ε) and may in future be used to investigate
possible effects of water-saturated soils on metal detectors. Electrical conductivity (σ) will also be assumed to be
frequency-independent. Magnetic behaviour is assumed to be frequency dependent and is modelled as follows:

µ1 = µ0(1 + χ(ω)) (1)

χ(ω) = χ′(ω) + iχ′′(ω) = χ0

(

1− 1

ln(τ2/τ1)
· ln iωτ2 + 1

iωτ1 + 1

)

(2)

where µ0 and µ1 are the magnetic permeability of free-space and soil respectively. χ(ω) is the complex frequency
dependent susceptibility of soil with real and imaginary components χ′ and χ′′ respectively, while χ0 is the d.c.
value of susceptibility. The particular model of susceptibility represented by Equation 2 arises from assuming
that magnetic relaxation time constants are uniformly distributed between τ1 and τ2. This model, which is
discussed in Chikazumi [27] and elsewhere [22, 28], is believed to be due to Richter [29]. To the best of the
author’s knowledge, there is no direct experimental verification of whether this model accurately represents
real soils. A different model could have been chosen, but this particular one was selected because of its recent
popularity in landmine detection research. Expected behaviour of the real and imaginary components of χ(ω)
of soils has been analysed using this model in [14, 15].

†Communication with the authors confirmed that data for lane 5 in Fig.4 of [16] are invalid due to an unnoticed
measurement error.



2.2. Response of a half-space

Although it is recognised that, in practice, the spatial inhomogeneity of soil electromagnetic properties may be the
limiting factor in the performance of the metal detector, for this preliminary study the soil will be modelled as a
homogeneous half-space. The geometry employed to analyse the metal detector problem is shown in Figure 1. In
keeping with a commonly-found design, the detector head is taken to consist of a pair of concentric and coplanar
circular coils. The transmitter coil radius and number of turns are respectively a andNt while those of the receiver
coil are b and Nr. The co-ordinate systems used, the magnetic permeability (µj), electrical conductivity (σj)
and permittivity εj of the various regions are shown on the figure, where the subscript j = 0, 1, 2 indicates air,
soil and target material respectively. The coil assembly is at a height z = h from the air-soil interface. The
transmitter current is assumed to be Ieiωt.
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Figure 1. Geometry of the problem.

The problem of the half-space has been solved many times. However, because of the variety of notations,
co-ordinate system definitions and approximations used by the many authors, it was not possible to simply refer
to a previous work for the needed solutions. Instead, following well-known procedures [30] the expressions for
the fields specifically for the mine detection problem had to be derived. These are included in the following
section to form a basis for subsequent discussions and numerical computations. Because of circular symmetry,
field components that are not identically zero are the ρ and z components of the magnetic field intensity H
and the φ component of the electric field E. The following definitions are used in the expressions and λ is the
integration variable.

γ2
0 = −µ0ε0ω

2, u0
2 = λ2 + γ0

2; γ2
1 = iσ1µ1ω − µ1ε1ω

2, u1
2 = λ2 + γ1

2



When displacement current is ignored, which is almost always done and justified in the analysis of induction
systems, the following simplifications occur.

γ2
0 = 0, u0

2 = λ2; γ2
1 = iσ1µ1ω, u1

2 = λ2 + γ1
2

Although the equations are presented in a form that includes the displacement current, use will also be made,
as needed, of the simplifications that result from ignoring it. J0 and J1 are Bessel functions of the first kind and
of orders 0 and 1 respectively.

2.2.1. Fields in air

Expressions for the relevant field components in the air region are given below. The superscript + indicates that
the fields correspond to the region over the coils (z > h) while the superscript − refers to the air region below
the coils (0 < z < h). The superscript air denotes the primary field which exist in the absence of the soil, while
soil refers to the secondary field due to the soil. The fields are of a single turn coil of radius a carrying current
Ieiωt and the time variation is suppressed.

The fields for z > h are:

H+
0ρ = H+air

0ρ +H+soil
0ρ

=
Ia

2

∫ ∞

0

λJ1(λa)J1(λρ) exp [−u0(z − h)]dλ

+
Ia

2

∫ ∞

0

µ1u0 − µ0u1

µ1u0 + µ0u1
· λJ1(λa)J1(λρ) exp [−u0(z + h)]dλ

(3)

H+
0z = H+air

0z +H+soil
0z

=
Ia

2

∫ ∞

0

λ2

u0
J1(λa)J0(λρ) exp [−u0(z − h)]dλ

+
Ia

2

∫ ∞

0

µ1u0 − µ0u1

µ1u0 + µ0u1
· λ

2

u0
J1(λa)J0(λρ) exp [−u0(z + h)]dλ

(4)

E+
0φ = E+air

0φ + E+soil
0φ

= − iµ0ωIa

2

∫ ∞

0

λ

u0
J1(λa)J1(λρ) exp [−u0(z − h)]dλ

− iµ0ωIa

2

∫ ∞

0

µ1u0 − µ0u1

µ1u0 + µ0u1
· λ
u0
J1(λa)J1(λρ) exp [−u0(z + h)]dλ

(5)

For 0 < z < h the fields are:

H−
0ρ = H−air

0ρ +H−soil
0ρ

= −Ia
2

∫ ∞

0

λJ1(λa)J1(λρ) exp [−u0(h− z)]dλ

+
Ia

2

∫ ∞

0

µ1u0 − µ0u1

µ1u0 + µ0u1
· λJ1(λa)J1(λρ) exp [−u0(h+ z)]dλ

(6)

H−
0z = H−air

0z +H−soil
0z

=
Ia

2

∫ ∞

0

λ2

u0
J1(λa)J0(λρ) exp [−u0(h− z)]dλ

+
Ia

2

∫ ∞

0

µ1u0 − µ0u1

µ1u0 + µ0u1
· λ

2

u0
J1(λa)J0(λρ) exp [−u0(h+ z)]dλ

(7)



E−
0φ = E−air

0φ + E−soil
0φ

= − iµ0ωIa

2

∫ ∞

0

λ

u0
J1(λa)J1(λρ) exp [−u0(h− z)]dλ

− iµ0ωIa

2

∫ ∞

0

µ1u0 − µ0u1

µ1u0 + µ0u1
· λ
u0
J1(λa)J1(λρ) exp [−u0(h+ z)]dλ

(8)

2.2.2. Fields in soil

Because measurements are only made with sensors in the air, fields in the soil are not commonly considered.
Moreover, the response of a buried object is often approximated by adding the response of the soil half-space
to the response of the object in air. A better approximation of the response of a buried object should result if
fields in the soil are taken into account in the analysis.

General expressions for the fields in the soil (z < 0) are:

H1ρ = −
Ia

2

∫ ∞

0

2µ0u1

µ1u0 + µ0u1
· λJ1(λa)J1(λρ) exp (u1z) exp (−u0h)dλ (9)

H1z =
Ia

2

∫ ∞

0

2µ0λ

µ1u0 + µ0u1
· λJ1(λa)J0(λρ) exp (u1z) exp (−u0h)dλ (10)

E1φ = − iωµ0Ia

2

∫ ∞

0

2µ1λ

µ1u0 + µ0u1
· J1(λa)J1(λρ) exp (u1z) exp (−u0h)dλ (11)

It is instructive at this point to compare the expressions for the fields developed here to those in [31]‡, which
gives explicit expressions for fields in a conducting half-space due to a finite circular loop. From Equations 9
- 11, the expressions for the fields at a point (ρ0,φ0, -d) in the soil having parameters σ1 and χ′ + iχ′′ can be
written, neglecting displacement currents and using definitions and normalisations similar to those in [31], as:

H1ρ = −
πa2I

2πd3

∫ ∞

0

J1(Aξ)

(Aξ/2)
· ξ2(β2 + iH ′2)

1/2

ξ(1 + χ′) + iξχ′′ + (β2 + iH ′2)
1/2

· exp (−Zξ) exp [−(β2 + iH ′2)
1/2

]J1(Dξ)dξ

(12)

H1z =
πa2I

2πd3

∫ ∞

0

J1(Aξ)

(Aξ/2)
· ξ3

ξ(1 + χ′) + iξχ′′ + (β2 + iH ′2)
1/2

· exp (−Zξ) exp [−(β2 + iH ′2)
1/2

]J0(Dξ)dξ

(13)

E1φ = −πa
2I

2πd3
µ0ωd [−χ′′ + i(1 + χ′)]

∫ ∞

0

J1(Aξ)

(Aξ/2)
· ξ2

ξ(1 + χ′) + iξχ′′ + (β2 + iH ′2)
1/2

· exp (−Zξ) exp [−(β2 + iH ′2)
1/2

]J1(Dξ)dξ

(14)

where

ξ = λd, A = a/d, Z = h/d, D = ρ0/d, H ′2 = σ1µ0ω(1 + χ′)d2, β2 = ξ2 − σ1µ0ωχ
′′d2 (15)

Putting χ′ = 0 and χ′′ = 0 in Equations 12 and 13, one gets the results given in [31] for the corresponding fields.
This should provide a partial check on the validity of these expressions.

‡Computational results presented in Fig.4(a) and Fig.5(b) of [31] appear to be erroneous.



2.3. Induced voltage

Analysis of induction systems is commonly carried out in terms of the magnetic fields involved and their time
derivative. However, in this analysis the voltage induced in a receiver willed be used since it is the directly
measured quantity in a metal detector.

Let the number of turns in the transmit coil and the receive coil be respectively Nt and Nr, then the voltage
induced in the receiver coil of radius b can be expressed as follows under various conditions.

2.3.1. Induced voltage when no soil or target is present

In the absence of soil or target, the induced voltage V air, could be written as

V air = −2πNtNrbE
+air
0φ

∣

∣

ρ=b,z=h
= −2πNtNrbE

−air
0φ

∣

∣

ρ=b,z=h

= iµ0ωπabNtNrI

∫ ∞

0

λ

u0
J1(λa)J1(λb)dλ

(16)

From this a normalised voltage vair is defined by

vair ≡ V air

πabNtNrI
= iµ0ω

∫ ∞

0

λ

u0
J1(λa)J1(λb)dλ

= iµ0ω

∫ ∞

0

J1(λa)J1(λb)dλ ,when displacement current is neglected.

(17)

2.3.2. Induced voltage due to soil only

The voltage, V soil, due only to the presence of the soil can be developed as follows.

V soil = −2πNtNrbE
+soil
0φ

∣

∣

ρ=b,z=h
= −2πNtNrbE

−soil
0φ

∣

∣

ρ=b,z=h

= iµ0ωπabNtNrI

∫ ∞

0

µ1u0 − µ0u1

µ1u0 + µ0u1
· λ
u0
J1(λa)J1(λb) exp [−2u0h]dλ

(18)

We can again define a normalised voltage vsoil by

vsoil ≡ V soil

πabNtNrI
= iµ0ω

∫ ∞

0

µ1u0 − µ0u1

µ1u0 + µ0u1
· λ
u0
J1(λa)J1(λb) exp [−2u0h]dλ

= iµ0ω

∫ ∞

0

λ(1 + χ)− u1

λ(1 + χ) + u1
· J1(λa)J1(λb) exp (−2λh)dλ, when displacement

current is neglected.

(19)

2.3.3. Induced voltage when a buried target is present

A well-known approximation technique introduced in [32], and also discussed in [33] in the context of buried
targets, will be used to obtain an expression for the voltage induced in a receiver coil by a buried target. In this
approach the buried object is replaced with an equivalent magnetic dipole and a current dipole and the principle
of reciprocity is used to obtain the induced voltage. V target, induced in a receiver coil by the combination of the
equivalent magnetic dipole, ~M , and the current dipole, ~P , is given by the following sum of scalar products

V target = iωµ0
~Hb

1 · ~M + ~Eb
1 · ~P (20)

where ~Eb
1 and ~Hb

1 are the electric and magnetic field intensities that would be produced in soil at the position
of the equivalent dipole if a unit current were flowing in the receiver coil of radius, b. The scatterer dipole
moments ~P and ~M depend on the inducing fields produced by the current flowing in the transmitter coil and on



the scatterer (its geometry and material properties (µ2, σ2, ε2)) and host medium properties (µ1, σ1, ε1). For the
geometry and notation considered in this paper, Equation 20 can be written as:

V target = iωµ0(H
b
1ρMρ +Hb

1zMz) + Eb
1φPφ (21)

where Hb
1ρ, H

b
1z,Mρ,Mz, E

b
1φ, Pφ are the indicated components of ~Hb

1 ,
~M, ~Eb

1 and ~P respectively. The fields

Hb
1ρ, H

b
1z and Eb

1φ can be obtained from Equations 9 - 14 by simply replacing a with b and setting I = 1.
The equivalent magnetic and current dipole moments can be obtained from solutions, when they exist, of the
problem of scattering of uniform field by an object in an unbounded region. A general analytic solution for this
problem is readily available for the sphere. Application of Equation 21 in deriving the time-domain response
of a sphere buried in a conducting medium was illustrated in [33], which took into account both magnetic and
current dipole moments. As discussed in that paper, the required dipole moments for a sphere can be obtained
from the lowest order Mie scattering coefficients. In addition, it is known (see for example [34]) that by applying
the long-wavelength (in soil) approximation and neglecting displacement current, one can simplify these dipole
moments to yield the response functions commonly used in geophysics. For a sphere of radius, R, and electrical
parameters, (µ2, ε2, σ2) embedded in a half-space with parameters (µ1, ε1, σ1), these moments can be written as:

~M = −2πR3 (H1ρâρ +H1zâz)

× [µ1(1 + k2
2R2) + 2µ2] sinh(k2R)− (2µ2 + µ1)k2R cosh(k2R)

[µ1(1 + k2
2R2)− µ2] sinh(k2R) + (µ2 − µ1)k2R cosh(k2R)

(22)

~P = −2πR3σ1E1φâφ

× [σ1(1 + k2
2R2) + 2σ2] sinh(k2R)− (2σ2 + σ1)k2R cosh(k2R)

[σ1(1 + k2
2R2)− σ2] sinh(k2R) + (σ2 − σ1)k2R cosh(k2R)

(23)

where (âρ, âφ, âz) are the cylindrical co-ordinate unit vectors and k2
2 = iσ2µ2ω. One can use the values of

the dipole moment components from Equations 22 and 23 in Equation 21 to calculate the voltage induced by a
buried spherical target. Obviously, one needs to take into account the number of turns in each coil if the absolute
value of the induced voltage is desired. Although both the magnetic and the current dipole have been included,
considering only the magnetic dipole contribution is often sufficient particularly when the soil conductivity σ1 is
very low which is often the case.

3. PRELIMINARY RESULTS FOR SELECTED CASES

Up to this point, only a general framework needed to understand the interaction of soil properties with the
functioning of a metal detector has been reviewed and developed. As stated earlier, similar formulations have
been used extensively in geophysics and other disciplines, but the aim here is to apply them to metal detectors.
In this preliminary work only a very limited discussion of the various aspects of the interaction of metal detectors
with soil can be provided. Limited numerical computations and “back-of-the-envelope” type of simplifications
will now be used to present a few results and conclusions for soils with assumed combination of properties,
without considering if such combinations represent any real soil. Displacement currents will be neglected in
these computations and simplifications.

At times reference will also be made to a methodology of empirically characterizing soil, which, for lack of a
standard or better term, will be called “Reference Height Method” (RHM). In this method [3, 6, 16] , which seems
to have been independently discovered some 50 years apart, the effect of the soil is quantified by measuring the
distance of the sensor head to the ground surface at which a chosen metal detector, without soil compensation,
produces a preselected level of response.

For this preliminary treatment, only three types of soil will be considered - non-conducting soil with constant
susceptibility, non-conducting soil with frequency-dependent susceptibility and non-magnetic soil with constant
conductivity. Other soil types will be the subject of future papers.



3.1. Non-conducting soil with constant susceptibility

If the soil has zero conductivity (σ1 = 0) and a magnetic susceptibility which is a non-zero real constant (χ = χ0),
then from Equation 19 the normalised voltage induced in the receiver coil due to the soil alone can be simplified
to:

vsoil = iµ0ω

[

χ0

2 + χ0

]

m(h) (24)

where

m(h) =

∫ ∞

0

J1(λa)J1(λb) exp (−2λh)dλ (25)

The following observations can be made from the above two equations.

1. The induced voltage at a given frequency is purely imaginary and includes the product of two terms, one
of which depends entirely on the magnetic susceptibility of the soil (term in brackets) and the other (m(h))
depends entirely on the geometry of the situation.

2. Equation 24 clearly shows the amount of “interfering” signal such a soil will produce in a frequency-domain
detector.

3. The geometrical factor m(h) becomes the normalised mutual inductance between the two coils when h = 0.

4. Since m(h) is a function only of the sensor height h above ground, the output voltage at a given frequency
can be calibrated in terms of soil susceptibility (χ0) if the measurement height is known. In other words,
if the RHM is used with a frequency-domain detector over such a soil, the value of m(h) at the reference
height can be related to soil susceptibility and the reference height will give an indication of the “badness”
of the soil for such detectors.

5. The salient features of the soil response in the time-domain can be studied by considering the response to
a step current excitation. Such response is commonly derived by taking the inverse Laplace transform of
vsoil

s where s = iω. It is trivial to see from Equation 24 that in time-domain

vsoilstep (t) =

[

µ0
χ0

2 + χ0
m(h)

]

δ(t)

The above relation implies that the response to a step excitation is concentrated only at the time where
the step changes state (t = 0). Hence for measurements taken at times, t > 0, which is the case in pulsed-
induction detectors there would be no contribution from the soil. Thus, in theory at least, such soils would
not affect the performance of pulsed induction detectors. If such a detector is used in the RHM mode it
would give a zero reference height for all such soils irrespective of their magnetic susceptibility and as a
result would be unsuitable to indicate how well a frequency domain detector might work over such soils.

3.2. Non-conducting soil with frequency-dependent susceptibility

The case where the soil is assumed to have zero conductivity (σ1 = 0) and a frequency dependent susceptibility
modelled by Equations 1 and 2 is now considered. This model is used to represent real “lateritic” soil in some
cases, where the conductivity is very low because of the particular clay type involved and the particle size
distribution of the magnetic constituents in the soil gives rise to magnetic viscosity. From Equation 19 the
normalised voltage induced in the receiver coil due to the soil alone can be written as:

vsoil = iµ0ω

[

χ(ω)

2 + χ(ω)

]

m(h) (26)

where m(h) is defined by Equation 25 as before, and χ(ω) is the frequency-dependent susceptibility given by
Equations 1 and 2.

One can now make the following observations.



1. Using basic algebraic steps one can separate the real and imaginary components of the induced voltage
and relate them explicitly to the real (χ′) and imaginary (χ′′) parts of susceptibility.

vsoilreal = µ0ω

[ −2χ′′
(χ′ + 2)2 + χ′′2

]

m(h) (27)

vsoilimag = µ0ω

[

χ′2 + 2χ′ + χ′′2

(χ′ + 2)2 + χ′′2

]

m(h) (28)

These relations imply that if a frequency domain system measures both the real and imaginary components
of the induced voltage separately at a known frequency then the χ′ and χ′′ at the measurement frequency
can be estimated, in principle, by solving two simultaneous quadratic equations. If only the amplitude
of the voltage is measured, as is often the case in metal detectors, then χ′ and χ′′ cannot be separately
estimated without further assumptions on their relationships. The reference height measured using the
RHM will be a rather complicated function of both χ′ and χ′′.

2. If a soil is only very weakly magnetic (|χ| << 1, which is commonly the case with natural soils), one

can approximate the term in brackets in Equation 26 by χ(ω)
2 . One can then derive an expression for the

response for t > 0 to a step-current excitation that turns off at t = 0 as follows, where L−1 indicates an
inverse Laplace transform operation.

vsoilstep (t) ≈ −µ0m(h)L−1

[

χ(s)

2

]

= −µ0m(h)
χ0

2
L−1

[

1− 1

ln(τ2/τ1)
· ln sτ2 + 1

sτ1 + 1

]

= −µ0m(h)
χ0

2 ln(τ2/τ1)
· 1
t

[

exp(− t

τ1
)− exp(− t

τ2
)

]

(29)

Now, if measurement times and parameter values are such that t
τ1
>> 1 and t

τ2
<< 1 , Equation 29 can

be further simplified to

vsoilstep (t) ≈ µ0m(h)
χ0

2 ln(τ2/τ1)
· 1
t

(30)

The transient response of magnetically viscous host media has been treated much more rigorously by
Lee [10, 28] for coincident-loop systems in geophysics. However, it seems that the simple time variation ( 1

t )
expressed by Equation 30 is all that is often used in practice. As an example, Candy [13] uses the following
functional form for the decay of the induced voltage due to a ramp current excitation of duration T in the
design of a metal detector that compensates very well for interference from most magnetic soils.

v(t′) ∝ ln
T + t′

t′
− T

t′
(31)

where t′ is measured from the turn-off of the ramp. This relationship can be derived by assuming a 1
t step

response and applying Laplace transform theory to compute the response to a finite ramp §.

3. From Equations 29-31, it is clear that unlike in the case of constant susceptibility soil, the transient signal
due to magnetically viscous soil will persist long after the turning off of the transmitter current pulse and
may be confused as signal produced by a buried metal object.

4. If a time-domain system is used for RHM over such a soil, then the reference height measured for a single
time window (say, t = t1), which is commonly the case, will give an indication of the factor χ0

2 ln(τ2/τ1)
. If

measurements of vsoilstep (t) are available over a time range one could in principle estimate the values of τ1
and τ2 by nonlinear fitting.

§An alternate derivation is discussed in [15].



5. Without considering the conditions and the extent of their validity, it will be further assumed that the fol-
lowing approximations derived and discussed by others [14, 23] are applicable. Under these approximations
the slope of the real part of susceptibility is constant and is proportional to the imaginary part.

∂χ′

∂ lnω
=

2

π
χ′′ = − χ0

ln(τ2/τ1)
(32)

Then from 30, one can write

vsoilstep (t) = −µ0m(h)
χ′′

π
· 1
t
= −1

2
µ0m(h) · ∂χ′

∂ lnω
· 1
t

(33)

The above imply that the induced voltage measured at a given time is proportional to the imaginary part
of susceptibility or equivalently to the slope of its real part. Hence, RHM using a time-domain system
over such soils would give a reference height which is indicative of this slope or equivalently of magnetic
loss. This result, in part, explains the experimental observation reported in [16] where reference heights
were seen to correlate with the difference in susceptibility at two frequencies. That paper also indicates
a correlation between reference heights and “average signal” measured by a time-domain instrument (see
Fig. 5 in [16]). This equivalent time-domain observation can also be explained from Equation 33.

3.3. Conducting non-magnetic soil

The case of conducting but non-magnetic ground has been extensively treated in geophysics (see, for example,
[7] for a review). Here, a few well-known results will simply be applied to the case of the metal detector. These
results, with some rough approximations, will then be used to obtain an expression for the induced voltage which
will allow one to make preliminary conclusions on the relative influence of soil conductivity and soil susceptibility.
From Equation 19, the induced voltage can be written as (putting χ = 0 )

vsoil = iµ0ω

∫ ∞

0

λ−
√

λ2 + iσ1µ0ω

λ+
√

λ2 + iσ1µ0ω
· J1(λa)J1(λb) exp (−2λh)dλ (34)

An analytical solution for the general case where h 6= 0 and a 6= b does not appear to be available and that case
is likely best handled numerically both in time and frequency domains. However the case of coincident loops
(a = b) lying on the ground (h = 0) has been treated by many. For example, by applying the procedure discussed
in [35] to Equation 34, one can write down the following expression (for t > 0) for the normalised voltage induced
due to a step current that turns off at t = 0.

vsoilstep (t) =
µ0√
πat

· F (t) (35)

where F (t) is given by

F (t) =

√

σ1µ0a2

t

∞
∑

m=0

(−1)m
m!

(2m+ 2)!

(m+ 1)!(m+ 2)!(2m+ 5)

(

σ1µ0a
2

4t

)m+1

(36)

Keeping only the m = 0 term leads to the following often-quoted “late-time” approximation [7, 15] in geophysics.

vsoilstep (t) ≈ σ
3/2
1 µ

5/2
0 a2

20
√
π

t−5/2 (37)

The approximate solutions given by Equation 30 for non-conducting soils with frequency-dependent susceptibility
and by Equation 37 for non-magnetic conducting soils will now be used to illustrate the relative contributions of
susceptibility and conductivity to soil-induced voltage. This illustration should give an indication of the relative
importance of these two soil parameters in the performance of metal detectors. Figure 2 shows the induced
voltage as a function of time after turn-off of a step current excitation for a number of conducting but non-
magnetic and non-conducting but magnetically lossy half-spaces. Conductivities used range from 0.01 S/m, a



typical value for soils, to a high value of 5 S/m which is likely higher than the conductivity of sea water saturated
soil. Susceptibility values range from 0.0005 SI units, representing a weakly magnetic soil, to 0.03 SI units, which,
although not the highest value found in natural soils, is typical of some soils known to have severely limited the
performance of metal detectors. Values of magnetic relaxation time constants were assumed to be τ1 = 10−6 s
and τ2 = 10−3 s . The transmitter and receiver coil radii of 0.12 m and 0.09025 m respectively, which are the
sizes used in a very common (Schiebel AN19/2) mine detector, were used in the calculations for the magnetic soil.
In order to use the available simple equation for the conductive half-space, only coincident loops ( a = 0.12 m)
were considered, which would result in a slightly higher estimate for the induced voltage than if a receiver coil
of smaller diameter was used. Note that loops were assumed to lay on the ground (h = 0) for these simulations.
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Figure 2. Relative contributions of conductivity and frequency-dependent susceptibility to the signal produced by soil
in a metal detector. Values of magnetic relaxation time constants used are τ1 = 10−6 s and τ2 = 10−3 s.

An examination of Figure 2 clearly shows that the influence of soil magnetic properties far exceeds that
of soil conductivity on the performance of metal detectors¶. Even comparing the extreme cases of the most
conducting (σ1 = 5 S/m) soil and the least magnetic (χ0 = 0.0005 SI units) soil, one can see that the mag-
netic contribution exceeds the conductivity contribution after about 13 µs, a time much lower than the first
measurement window in a typical detector. For the other cases shown, the magnetic contribution exceeds, by
orders of magnitude in some cases, the contribution due to soil conductivity. Also in these cases, the magnetic
contribution exceeds that due to conductivity at measurement times much shoter than 13 µs. These observations
should partially corroborate previous experimental findings [5].

4. SUMMARY AND DISCUSSION

A systematic analytical framework, based on existing work in geophysics and non-destructive testing, for studying
the effects of soil electromagnetic properties on the functioning of metal detectors has been presented. The

¶Strictly speaking, data presented here supports this conclusion only for time-domain systems in one geometry. Analysis
of frequency domain systems and other geometries will be undertaken in the future.



techniques discussed have been applied to three selected simple cases of practical importance, namely, non-
conducting soil with constant susceptibility, non-conducting soil with frequency-dependent susceptibility and
non-magnetic soil with constant conductivity. Results from a preliminary analysis of even these simple cases
seem to explain some previous experimental observations by others. Much still remains to be done. Future work
will: (1) provide more rigorous numerical simulations for the cases discussed here; (2) treat conducting soils with
constant as well as frequency-dependent susceptibility; (3) consider possible implications of frequency-dependent
conductivity; (4) calculate the effects of the various types of soils on the response of typical buried targets. A
deficiency that is generally recognized is the serious lack of measured data on the relevant soil electromagnetic
properties. The primary reason for this is that suitable instruments to measure spectral characteristic of complex
soil electromagnetic properties over the frequency band of interest do not seem to exist. Future work will also
address this issue.

ACKNOWLEDGMENTS

I would like to thank Leonard Pasion and Steve Billings of the University of British Columbia for the discussions
we have had on the subject matter presented in this paper.

REFERENCES

1. L. S. Russell, “Detection of land mines (Part I),” Canadian Army Journal 1, November 1947.

2. L. S. Russell, “Detection of land mines (Part II and III),” Canadian Army Journal 1, December/January
1947/48.

3. R. J. Roberts, E. Sampson, M. Striker, and T. E. Stewart, “Performance of the SCR-625 mine detector
over different rocks and soils,” Technical Report, United States Army Engineer Research and Development
Laboratories, Fort Belvoir, Virginia, July 1949.

4. J. C. Cook and S. L. Carts, Jr., “Magnetic effects and typical properties of topsoils,” Journal of Geophysical
Research 67, pp. 815–828, February 1962.

5. Y. Das et al.(Eds), “Final report of the international pilot project on technology co-operation (IPPTC) for
the evaluation of metal/mine detectors,” Tech. Rep. EUR 19719 EN, June 2001. Published, on behalf of
the participants, by the European Commission, Joint Research Centre, Ispra, Italy.

6. D. Gülle, “International Detector Test,” Final Report, UNADP, Mozambique, December 2000.
http://www.itep.ws/pdf/adp detector final report december2000.pdf (accessed February 13, 2003).

7. M. N. Nabighian, ed., Electromagnetic Methods in Applied Geophysics, vol. 1 and 2 of Investigations in
Geophysics no.3. Society of Exploration Geophysicists, Tulsa, Oklahama, 1987.

8. J. R. Wait, ed., Electromagnetic Waves in Stratified Media, The MacMillan Company, New York, 1962.

9. D. H. S. Cheng, “The reflected impedance of a circular coil in the proximity of a semi-infinite medium,”
IEEE Trans. Instrumentation and Measurement 14, pp. 107–116, September 1965.

10. T. Lee, “Transient electromagnetic response of a magnetic or superparamagnetic ground,” Geophysics 49,
pp. 854–860, July 1984.

11. G. R. Olhoeft and D. W. Strangeway, “Magnetic relaxation and the electromagnetic response parameter,”
Geophysics 39, pp. 302–311, June 1974.

12. G. Buselli, “The effect of near-surface superparamagnetic material on electromagnetic measurements,” Geo-
physics 47, pp. 1315–1324, September 1982.

13. B. H.Candy, “Pulse induction time domain metal detector.” United States Patent Number 5 576 624,
November 1996.

14. L. R. Pasion, S. D. Billings, and D. Oldenburg, “Evaluating the effects of magnetic soils on TEM measure-
ments for UXO detection,” in Proceedings of the UXO/Countermine Forum, (Orlando, Florida), September
2002.

15. S. D. Billings, L. R. Pasion, D. W. Oldenburg, and J. Foley, “The influence of magnetic viscosity on
electromagnetic sensors,” in International Conference on Requirements and Technologies for the Detection,
Removal and Neutralization of Landmines and UXO, H. Sahli, A. M. Bottoms, and J. Cornelis, eds., Proc.
EUDEM2-SCOT - 2003 1, pp. 123–130, (Vrije Universiteit Brussel, Brussels, Belgium), September 2003.



16. F. Borry, D. Gülle, and A. Lewis, “Soil characterization for evaluation of metal detector performance,” in
International Conference on Requirements and Technologies for the Detection, Removal and Neutralization
of Landmines and UXO, H. Sahli, A. M. Bottoms, and J. Cornelis, eds., Proc. EUDEM2-SCOT - 2003 1,
pp. 115–122, (Vrije Universiteit Brussel, Brussels, Belgium), September 2003.

17. C. Bruschini, A multidisciplinary analysis of frequency domain metal detectors for humanitarian demining.
PhD thesis, Vrije Universiteit Brussel, 2002.

18. G. Cross, “Soil properties and GPR detection of landmines - a basis for forecasting and evaluation of GPR
performance,” Contract Report DRES CR 2000-091, Defence Research Establishment Suffield, October
1999.

19. W. L. Gans, R. G. Geyer, and W. K. Klemperer, “Suggested methods and standards for testing and
verification of electromagnetic buried object detectors,” NISTIR 89-3915R, National Institute of Standards
and Technology, U.S. Department of Commerce, March 1990. DTIC AD-A226 626.

20. R. Thompson and F. Oldfield, Environmental Magnetism, Allen and Unwin, London, 1986.

21. C. E. Mullins, “Magnetic susceptibility of the soil and its significance in soil science - a review,” Journal of
soil science 28, pp. 223–246, 1977.

22. G. R. Olhoeft, “Time dependent magnetization and magnetic loss tangents,” Master’s thesis, Massachusetts
Institute of Technology, May 1972.

23. C. E. Mullins and M. S. Tite, “Magnetic viscosity, quadrature susceptibility, and frequency dependence of
susceptibility in single-domain assemblies of magnetite and maghemite,” Journal of Geophysical Research
78, pp. 804–809, February 1973.

24. C. E. Mullins, “The magnetic properties of the soil and their application to archaeological prospecting,”
Archaeo-Physika 5, pp. 143–347, 1974.

25. M. Dabas, A. Jolivet, and A. Tabbagh, “Magnetic susceptibility and viscosity of soils in a weak time varying
field,” Geophys. J. Int. 108, pp. 101–109, 1992.

26. M. Dabas and J. R. Skinner, “Time-domain magnetization of soils (VRM), experimental relationship to
quadrature susceptibility,” Geophysics 58, pp. 326–333, March 1993.

27. S. Chikazumi, Physics of Magnetism, Wiley, New York, 1964.

28. T. Lee, “The effect of a superparamagnetic layer on the transient electromagnetic response of a ground,”
Geophysical Prospecting 32, pp. 480–496, 1984.

29. G. Richter, “Uber die magnetische nachwirkung an carbonyleisen,” Ann. Physik 29, 1937.

30. J. R. Wait, Geo-electromagnetism, Academic Press, New York, 1982.

31. J. R. Wait and K. P. Spies, “Subsurface electromagnetic fields of a circular loop of current located above
ground,” IEEE Trans. Antennas and Propagation , pp. 520–522, July 1972.

32. M. L. Burrows, A theory of eddy current flaw detection. PhD thesis, University of Michigan, Ann Arbor,
1964.

33. Y.Das and J.E.McFee, “A simple analysis of the electromagnetic response of buried conducting objects,”
IEEE Trans. Geosci. Remote Sensing 29, pp. 342–344, March 1991.

34. S. K. Singh, “Electromagnetic transient response of a conducting sphere embedded in a conducting medium,”
Geophysics 38, pp. 864–893, October 1973.

35. T. Lee and R. Lewis, “Transient EM response of a large loop on a layered ground,” Goephysical Prospecting
22, pp. 430–444, 1974.


