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For near surface geophysical surveys, small-fixed offset loop–loop electromagnetic induction (EMI) sensors are
usually placed parallel to the ground surface (i.e., both loops are at the same height above ground). In this
study, we evaluate the potential of making measurements with a system that is not parallel to the ground;
i.e., by positioning the system at different inclinations with respect to ground surface. First, we present the
Maxwell theory for inclined magnetic dipoles over a homogeneous half space. By analyzing the sensitivities of
such configurations, we show that varying the angle of the systemwould result in improved imaging capabilities.
For example, we show that acquiring data with a vertical system allows detection of a conductive body with a
better lateral resolution compared to data acquired using standard horizontal configurations. The synthetic re-
sponses are presented for a heterogeneous medium and compared to field data acquired in the historical Park
Sanssouci in Potsdam, Germany. After presenting a detailed sensitivity analysis and synthetic examples of such
ground conductivity measurements, we suggest a new strategy of acquisition that allows to better estimate
the true distribution of electrical conductivity using instruments with a fixed, small offset between the loops.
This strategy is evaluated using field data collected at a well-constrained test-site in Horstwalde (Germany).
Here, the target buried utility pipes are best imaged using vertical system configurations demonstrating the
potential of our approach for typical applications.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Loop–loop electromagnetic induction (EMI) systems with a small
fixed offset (such as the EM38, EM31, or theDualEMdevice) allowmap-
ping of variations in electrical conductivity within the uppermost me-
ters of the subsurface. These systems, which are also called ground
conductivity meters (GCM), are often used in archeological prospection
(Tabbagh, 1986; Lück and Eisenreich, 1999; Simpson et al., 2009), soil
science (Corwin and Rhoades, 1982; Abdu et al., 2007), precision farm-
ing applications (Doolittle et al., 1994; Yoder et al., 2002; Gebbers et al.,
2009), as well as for soil salinity mapping (Triantafilis et al., 2000;
Nogués et al., 2006) and detecting buried objects such as utility pipes
(Nelson and McDonald, 2001). Most of the surveys are acquired by
using one fixed loop configuration and one selected direction of data ac-
quisition. As a consequence, often the recorded data are only
interpreted in terms of apparent conductivity. Nowadays, large scale
multi-configuration acquisition becomes feasible (Saey et al., 2012,
2013) and one needs to invert at least aminimumof two configurations
in order to determine a heterogeneous distribution of conductivity. This
has been done by joint 1D inversion of different standard configurations
(Santos et al., 2010; von Hebel et al., 2014), which are known as

horizontal and vertical coplanar loops (HCP andVCP), aswell as the per-
pendicular loop (PERP) configuration as presented by Frischknecht et al.
(1987). For all of these configurations, the system is placed parallel to
ground surface; i.e., both loops are at the same height above ground.

In this paper, we study the pattern of the eddy currents when data
are acquired with an inclined fixed-offset system (i.e., the loops are at
different angles with regard to the ground). We estimate the sensitivi-
ties of such inclined ground conductivity meters and, by using spectral
3D forwardmodeling, we generatemulti-angle synthetic data for a syn-
thetic model consisting of various buried conductive and resistive ob-
jects. The calculated multi-angle synthetic responses are compared to
two multi-angle field data examples. Resulting from the analysis of
multi-angle sensitivities and our synthetic study, we suggest a new
strategy for data acquisition, which allows us to obtain a more intuitive
apparent conductivity map compared to standard strategies of data ac-
quisition. Finally, the proposedmethod is tested and comparedwith the
standard HCP configuration for data sets acquired across known buried
utility pipes at a well-constrained test-site.

2. Theory

Electromagnetic (EM) loop–loop systems consist of one transmitter
loop (Tx) emitting a time harmonic electromagnetic field, which inter-
acts with the conductive ground, and a receiver loop (Rx), which
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measures the magnetic field resulting from this interaction. When the
offset between Tx and Rx is fixed and small (typically 1 m to 3 m),
such EM systems are called EMI sensors or GCM. Here, we are interested
in using such EMI systems at different inclinations and, thus, we first
have to derive the Maxwell equations for inclined loops. After that, we
will present our approach to model data recorded using an EM38 de-
vice, which is the EMI instrument used to collect ourfield data examples
presented later on.

2.1. EM field for an inclined magnetic dipole source

The theory of electromagnetic fields caused by an inclined loop
source has been already studied by Gavril et al. (1988) and Mor et al.
(1989) by solving the equation of the electrical potential vector A. In
this approach, the source is modeled as a circular electrical current.
Another approach is to consider the source as an equivalent magnetic
dipole. This approach has been employed for correcting bird pitches in
airborne harmonic electromagnetic systems (Fitterman and Yin, 2004;
Yin and Fraser, 2004) by using scalar potentials (Wait, 1982). By using
a potential vector formulation, the electromagnetic field of an inclined
magnetic dipole can also be easily derived using the magnetic potential
vector F for a magnetic dipole source. This approach is presented in
Guillemoteau et al. (2015b) and is briefly presented in the following.

In order tomodel the electromagnetic field generated by an inclined
magnetic dipole, we solve the equation of themagnetic potential vector
(Ward and Hohmann, 1987, p. 146)

∇2Fþ k2F ¼ JSm; ð1Þ

where k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2με−iωμσ

q
is the wave number which depends on the

angular frequency ω of the harmonic EM excitation and the electrical
properties of the ground; i.e., on electrical conductivityσ, dielectric con-
stant ε, and magnetic susceptibility μ. For the range of frequencies used
by EMI sensors (0.5–50 kHz) and considering the range of electrical
properties typically observed in the subsurface, one can use the quasi-
static approximation for which the first term of the wave number is
negligible. In addition, for most materials we can assume a constant
magnetic susceptibility equal to the one of the vacuum (μ = μ0). Thus,
the wave number is given by k ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

−iωμ0σ
p

and only depends on
σ and ω. For the case of an inclined magnetic dipole with ϕ being the
angle of inclination, the magnetic source term JmS is given by

JSm ¼ −iωμ0mδ xð Þδ yð Þδ zð Þ sinϕx þ cosϕzð Þ; ð2Þ

wherem is themagneticmoment and δ is theDirac delta function that is
used to describe the spatial singularity of a dipole. We note that the
source term is oriented in two directions; i.e., it is separated into a hor-
izontal magnetic dipole (HMD) and a vertical magnetic dipole (VMD)
component. Following from the linearity of Maxwell's equations, the
magnetic field H0 measured by Rx in air (layer 0) in the presence of a
conductive ground (layer 1) is simply given by

H0 ¼ sinϕH0
HMD þ cosϕH0

VMD; ð3Þ

whereHHMD
0 andHVMD

0 are themagnetic fields generated by a horizontal
and a vertical magnetic dipole, respectively, located in the air layer over
a homogeneous ground. The formula to calculate the response as a func-
tion of the height of the source is given byWard and Hohmann (1987).
In a similar manner, the electric field E1 induced inside the ground
(layer 1) is given by

E1 ¼ sin ϕE1
HMD þ cosϕE1

VMD; ð4Þ

where EHMD
1 and EVMD

1 are the horizontal electrical fields induced inside
the ground by a horizontal magnetic dipole and a vertical magnetic

dipole, respectively. The formulas for each component can be found in
Tølbøll and Christensen (2007) and Guillemoteau et al. (2012) and are
recalled here:
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Here, λ is the radial component of the wave number in cylindrical
coordinates,ρ is the horizontal distance between Tx and Rx, Jn are Bessel
functions of the nth order, u1 is the vertical component of the wave
number for the ground (layer 1), and tTE

HMD = 2λ/(λ + u1) and tTE
VMD =

2u1/(λ + u1) are the coefficients of transmission for a HMD and a
VMD source, respectively. Due to the high contrast in conductivity be-
tween the air and the ground, the electric field inside a flat homoge-
neous ground is always parallel to the surface whatever the dipole
inclination. It follows that, for a horizontal ground surface, there are
no vertical eddy currents (transverse electricmode only) and, therefore,
it is not possible to detect the vertical anisotropy of the medium.

In Fig. 1, we show the horizontal electric field induced into
the ground by a magnetic dipole source working at a frequency of
f 14,600 Hz for three different inclinations. We see that a horizontal
loop (ϕ= 0°) generates circular current patterns with no preferred di-
rections (Fig. 1a). For a loop inclination of ϕ = 45° (Fig. 1b), the distri-
bution of the ground induced currents is characterized by a pronounced
asymmetrical shape with increased induced currents beneath the part
of the loop that is closer to the ground. The horizontal magnetic dipole
(ϕ = 90°) shows induced currents with a clear preferential direction
parallel to the plain of the loop (Fig. 1c). Thus, changing the azimuth
of a vertical loop would allow for detecting the horizontal anisotropy
of a conductive half-space.

2.2. Modeling McNeill conductivity data

EMI sensors are sensitive to the total magnetic fieldH consisting of a
primary field Hp propagating in air and a secondary field Hs induced by
eddy currents in a conductive ground:

H ¼ Hp þ Hs: ð11Þ

The primary field is real because it is in-phase (IP) with the source.
The secondary field is complex because it contains a quadrature or out
of phase (OP) part:

Hs ¼ HIP
s þ iHOP

s : ð12Þ

In this study, we consider the apparent conductivity
σa data which are derived from Hs

OP by using the following formula
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