
Resolution Analyses for the Tellus
Airborne Electromagnetic Data
Compared With Co-located

Electrical Resistivity Tomography
Data

Somaye Bayat

A thesis presented in fulfilment of the requirements for the
degree of Masters of Earth and Ocean Sciences

Supervisors:
Dr. Duygu Kiyan
Dr. Eve Daly

School of Natural Sciences
National University of Ireland − Galway

Galway City, Ireland
September 2023



CONTENTS

Contents

List of Figures ii

Abstract v

1 Introduction 1

2 Theory 3
2.1 Basic Principles of Electromagnetic Method . . . . . . . . . . . . . . . . . . 3
2.2 Attenuation of Electromagnetic Fields . . . . . . . . . . . . . . . . . . . . . 4
2.3 Electromagnetic Properties of Rocks . . . . . . . . . . . . . . . . . . . . . . 5
2.4 The Airborne Electromagnetic (AEM) Method . . . . . . . . . . . . . . . . 5

2.4.1 Frequency-domain AEM Systems . . . . . . . . . . . . . . . . . . . . 7
2.4.2 Time-domain AEM Systems . . . . . . . . . . . . . . . . . . . . . . . 8
2.4.3 Acquisition of AEM Data . . . . . . . . . . . . . . . . . . . . . . . . 9

3 The Tellus Airborne Electromagnetic Surveys 10

4 Computational Method 11

5 RAFTA Project 16
5.1 Synthetic AEM Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
5.2 Observed AEM Data and Electrical Resistivity Tomography (ERT) Data . 27

5.2.1 Survey Area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
5.2.2 Tellus FDEM and TDEM Data Inversion . . . . . . . . . . . . . . . 27
5.2.3 Electrical Resistivity Tomography (ERT) Data Inversion . . . . . . . 28

6 Conclusions 37

Bibliography 38

Appendices 39

Appendices 40
A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

B.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
B.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
D . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
E . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
F . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

i



LIST OF FIGURES

List of Figures

1 The principles of electromagnetic induction in AEM systems . . . . . . . . 4
2 Typical range in electrical conductivity/resistivity for some common min-

eral rock types and near-surface materials . . . . . . . . . . . . . . . . . . . 6
3 Frequency-domain EM primary and secondary �elds at receiver and

Frequency-domain EM response for in-phase and quadrature of a conductive
sphere in AC �eld . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

4 Schematic representation of time-domain EM transmitter and receiver
waveforms and time-domain EM response for primary and secondary �elds
at receiver, for conductivity zones . . . . . . . . . . . . . . . . . . . . . . . . 9

5 Schematic illustrations of �xed-wing and helicopter AEM systems . . . . . . 9
6 AEM-05 and GENESIS aircrafts used in the Tellus Programme . . . . . . . 11
7 The Tellus airborne geophysics survey areas . . . . . . . . . . . . . . . . . . 12
8 Schematic visualisation of forward and inverse modelling techniques for

analysing geophysical data . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
9 Structural 
owchart of aempyx a new version of aempy(x) . . . . . . . . . . 13
10 Schematic view of a VCP loop con�guration over a layered-earth model . . 14
11 Tellus survey blocks and boreholes . . . . . . . . . . . . . . . . . . . . . . . 16
12 The work
ow followed in this study . . . . . . . . . . . . . . . . . . . . . . 17
13 Computational forward responses of FDEM and TDEM data from two dif-

ferent three-layer resistivity models . . . . . . . . . . . . . . . . . . . . . . . 19
14 The forward responses of the two models calculated at four Tellus survey

frequencies di�erent 
ight altitudes . . . . . . . . . . . . . . . . . . . . . . . 20
15 Computed in-line and vertical components of TDEM data for six di�erent


ight altitudes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
16 Tikhonov-type inversion results for a three-layer resistivity model at the al-

titudes of 60 m, 90 m, and 150 m for 100 model samples of FDEM synthetic
data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

17 Summary of the output from the Tikhonov-type inversion, which was run
for 100 model samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

18 Tikhonov-type inversion results for a three-layer resistivity model at the
altitudes of 90 m, 150 m, and 180 m for 100 model samples of TDEM
synthetic data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

19 Summary of the output from the Tikhonov-type inversion, which was run
for 100 model samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

20 Tikhonov-type inversion results for a three-layer model at the altitudes of
90 m, 150 m, and 180 m for 100 model samples of TDEM synthetic data. . 25

21 Summary of the output from the Tikhonov-type inversion, which was run
for 100 model samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

22 Bedrock Geology map of the study area . . . . . . . . . . . . . . . . . . . . 27
23 Quaternary Geology map of the study area with the locations of frequency-

and time-domain AEM data measurement points and the ERT pro�les. . . 28
24 Electrical resistivity model from the inversion of Tellus FDEM data . . . . 29
25 Electrical resistivity model from the inversion of Tellus TDEM data . . . . 30
26 Wenner-Schlumberger array . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
27 Electrical resistivity models from the inversion of ERT data using ResIPy

software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
28 Electrical resistivity models from the inversion of ERT data using

RES2DINV software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
29 Electrical resistivity models from the inversion of Tellus FDEM and TDEM

data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

ii



LIST OF FIGURES

30 Electrical resistivity model from the inversion of the ERT data acquired
along the main pro�le with simulated three-layer resistivity model derived
from the ERT resistivity model . . . . . . . . . . . . . . . . . . . . . . . . . 34

31 1-D Tikhonov-type inversion results of FDEM synthetic data for a three-
layer model simulated based on the simpli�ed ERT resistivity model . . . . 35

32 1-D Tikhonov-type inversion results of TDEM synthetic data for a three-
layer model simulated based on the simpli�ed ERT resistivity model . . . . 36

iii



ACKNOWLEDGEMENTS

Acknowledgements

I would like to express my deepest appreciation to Dr. Duygu Kiyan, and Dr. Eve Daly
for giving me the opportunity to do this research and providing guidance and feedback
throughout this project. Special thanks to Dr. Volker Rath for his help and unlimited
support in this research and to Dr. Mark Muller for his guidance on the Tellus data.
Special thanks to Dr. Dave O'Leary and Clodagh Moriarty for their collaborative e�ort
during the ERT survey. I am also grateful to my o�ce mates, Dr. Meysam Rezaeifar
for answering my questions tolerantly and Dr. Tao Ye for his help with the QGIS soft-
ware. Finally, I would like to thank my spouse for supporting me during the compilation
of this dissertation. My research would not be possible without the funding from Geo-
logical Survey Ireland (GSI) under the GSI Short Call Research Programme 2020 (grant
number SC-2020-049) and the De-risking Ireland's Geothermal Energy Potential research
project funded by the Sustainable Energy Authority of Ireland and GSI (grant number
19/RDD/522).

iv



ABSTRACT

Abstract

This thesis investigates and compares the capabilities of frequency- and time-domain air-
borne electromagnetic (AEM) data acquired as part of the geophysics surveys of the Tellus
programme, which is operated by the Geological Survey Ireland. aempy(x) toolbox writ-
ten and developed by the Dublin Institute for Advanced Studies researchers is used for
forward and inverse modelling of both synthetic and observed Tellus data. As part of
the investigation, synthetic data are simulated using two simple three-layer Earth models.
The shallow model comprises 15 m thick �rst layer with a resistivity of 100 Wm, 25 m
thick middle layer with a resistivity of 5 Wm, and a lower half-space with a resistivity of
100 Wm, respectively. The deep model comprises 50 m thick �rst layer with a resistivity
of 100 Wm, 50 m thick middle layer with a resistivity of 10 Wm, and a lower half-space
with a resistivity of 100 Wm. The inversion process has considered parameters includ-
ing 
ight altitude, data errors, and input data, which can have signi�cant e�ects on the
resulting electrical conductivity models. The simulation results show that the simulated
frequency-domain data at the 
ight altitudes of 60 { 120 m have done a much better job
recovering the conductive middle layer of the shallow model. On the other hand, time-
domain data successfully recovered the �rst two layers of the deep model even at the high

ight altitudes, i.e., 100, 120, and 150 m. The electrical resistivity models derived from
the Tellus AEM datasets were compared against the Electrical Resistivity Tomography
(ERT) derived resistivity models. The inversion results show that there is a good corre-
spondence between the ERT model and the Tellus TDEM model at greater depths. The
Tellus FDEM data successfully resolved the conductivity of the top layer, which is in good
agreement with the ERT model.
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1 INTRODUCTION

1 Introduction

Airborne Electromagnetic (AEM) systems are speci�c aircrafts that emit electromagnetic
waves to extract information on the Earth's subsurface. AEM was initially developed after
the Second World War to explore mineral deposits (Fountain, 1998)1 and is now one of the
most popular geophysical methods used in mineral exploration (Legault, 2015)2. AEM
geophysics has been increasingly applied to investigate large areas of subsurface due to its
time and cost e�ciency in producing spatially extensive datasets and its ability to provide
high-resolution information about electrical conductivity properties of the shallow subsur-
face. The electrical conductivity properties of the subsurface depend on various sources
such as pore water salinity, clay content, and metallic minerals. AEM data therefore can
be used to inform geological and hydrogeological models that can further inform scienti�c
and societal studies.
The Tellus airborne geophysical programme in Ireland, which is operated by Geological
Survey Ireland (GSI), started with the �rst airborne geophysical survey of Northern Ire-
land, which was 
own in 2005 and 2006. It soon was complemented by the Tellus Border
project covering �ve of the six northernmost counties of the Republic of Ireland from 2011
to 2012. In the following years, eleven more surveys were completed, so that, to date,
more than 80% of the island of Ireland has been covered. AEM data have been acquired
using time-domain and frequency-domain systems.
Under the framework of 2015 GSI Short Call Research Programme, a fully open-source
toolbox, aempy, coded in Python language for the one-dimensional inversion of AEM data
along the 
ight lines was developed (Kiyan et al., 2022)3 to make use of the wealth of
information on the electrical conductivity structure of Ireland's near-surface provided by
the Tellus AEM surveys. GSI is currently producing and making available to the public
EM resistivity inversion models computed using the aempy code. A number of questions
regarding the resolution capabilities of the two Tellus EM systems used, and the resolu-
tion of the resistivity models remain. This restricts the con�dence with which resultant
models might be interpreted and limits the geological value that might be derived from
them. RAFTA (Resolution Analyses for Frequency- and Time-Domain Airborne Electro-
magnetic Data of the Irish Tellus Programme) project, funded by the 2020 GSI Short Call
Research Programme, aims to develop a work
ow for uncertainty and resolution analysis
of frequency- and time-domain AEM data. The North Midlands survey of the Tellus pro-
gramme comprises the acquisition of time-domain data, which was carried out by CGG
Airborne Survey Ltd. with the GENESIS system. Time-domain data were measured at
11 discrete decay times. All other surveys to date acquired frequency-domain data, which
were carried out by Sander Geophysics Ltd. with the GTK airborne system (AEM-95
operates at 2 frequencies), and the Joint Airborne Geoscience Capability airborne system
(AEM-05 operates at 4 frequencies). The North Midlands survey was designed to allow an
overlap with the Tellus Border, A1, and A2 survey blocks from which frequency-domain
data are available to exploit. As part of the RAFTA project, the aim of this study is to
compare the capabilities of the frequency- and time-domain AEM data using synthetic
and co-located Tellus frequency- and time-domain AEM datasets from the overlap zone.
Additionally, with the aim of investigating how the resistivity structure of the subsurface
along the Tellus AEM pro�les compares with ground data, an Electrical Resistivity To-
mography survey was carried out in September 2022 along a 470 m portion of a co-located
Tellus AEM pro�le located in the North Midlands and A1 overlap zone.
The thesis is divided into four sections. Section 2 provides an introduction to the ba-
sic theory of AEM method. The two main categories of the AEM method, including
frequency- and time-domain systems are presented. The electromagnetic properties of
Earth materials are discussed. Section 3 provides information on the Tellus programme
including the aircraft systems used and areas covered as part of the programme. Section

1



1 INTRODUCTION

4 brie
y describes the computational method used in this study. Section 5 introduces the
RAFTA project and discusses the results of forward and inverse modelling of frequency-
and time-domain synthetic data and observed Tellus data. This section also compares the
resistivity models derived from the AEM data to the inverted ERT models.
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2 THEORY

2 Theory

This section discusses the airborne electromagnetic (AEM) method including the theory,
application, acquisition systems, and two main subcategories of AEM systems.

2.1 Basic Principles of Electromagnetic Method

Electromagnetic methods are one group of geophysical techniques that estimate subsurface
materials' distribution and electromagnetic properties via non-invasive remotely-measured
observations. Electromagnetic methods are based on the principle of electromagnetic in-
duction, governed by the famous Maxwell Equations (Maxwell, 1892)4, and the funda-
mental laws of electromagnetism: Faraday's, Ampere's, and Lens's Laws. The Maxwell
equation derivation is collected by four equations, where each equation explains one fact
correspondingly. Maxwell combined the four equations by Faraday, Gauss, and Ampere
laws and included one part of information into the fourth equation, Ampere's law, which
makes the equation complete.

~r � ~E =
�
� 0

(1)

~r � ~B = 0 (2)

~r � ~E = �
@~B
@t

(3)

~r � ~B = � 0

 

� 0
@~E
@t

+ ~J

!

(4)

Equation 1 and 2 represent Gauss law intended for static electric �elds and static magnetic
�elds respectively. Faraday's Law (Eq. 3) explains that the change of magnetic �eld will
produce an electric �eld, and Equation 4 is Ampere-Maxwell's law, which relates the
change of electric �eld which produces a magnetic �eld. In these equations, (E) denotes
electrical �eld, ( � 0) denotes permittivity, (j) denotes current density, ( � 0) is permeability,
and (c) is the speed of light. Faraday's and Lenz's laws state that the electromotive force,
e.m.f, induced in a circuit is equal to the negative rate of change with time of the magnetic

ux through the circuit given as:

I
E:dl = �

d�
dt

(5)

Where
H

E:dl is the line integral of the induced electric �eld (E) around the wire coil and
d�
dt is the rate of change of magnetic 
ux through the circuit. Ampere's Law states that
the line integral of the magnetic �eld around a closed loop is proportional to the electric
current 
owing through the loop; that is, it relates the magnetic �eld to a current loop
(Grant and Phillips, 1990) 5. Maxwell related Faraday's law, Ampere's law, and Gauss's
law into a single unifying theory of electromagnetism. Thus, the current loop, the electro-
magnetic �elds, the subsurface electromagnetic properties, and the voltages measured in
the receiver coils are all governed by solving Maxwell's equations (Maxwell, 1892)4. The
principle of electromagnetic induction is shown in Figure 1.
The system involves the transmission of electromagnetic energy via a wire loop carrying
a time dash varying current that has associated magnetic and electric �elds. These pri-
mary �elds create eddy currents associated with secondary magnetic and electric �elds,

owing in the subsurface material with di�erent conductivity. Since the electromagnetic
properties of the subsurface in
uence the induced subsurface currents and their associated
secondary �elds, analysis of the detected �elds enables inferences about the subsurface

3



2 THEORY

Figure 1: The principles of electromagnetic induction in AEM systems. Above the ground,
a time-varying sinusoidal current is driven through a wire loop, causing eddy currents to

ow in the subsurface. The eddy currents have an associated, secondary varying magnetic
�eld. This secondary �eld is then detected at the speci�c receiver coil as a voltage which
can be examined to extract valuable information on the conductivity of the subsurface
(Brodie, 2017)6.

materials. Knowledge of the electromagnetic properties of subsurface materials, the elec-
trical conductivity ( � ), the magnetic permeability (� ), and the dielectric permittivity ( � ),
has signi�cance in geoscience, environmental science, and geotechnical sciences.

2.2 Attenuation of Electromagnetic Fields

An important characteristic of the time-varying electromagnetic �eld is its attenuation
with distance through a conductive medium. Attenuation is a consequence of energy lost
by the circulating eddy currents and their magnetic �elds. For a sinusoidally varying �eld
in an in�nite uniform conductive medium, and where the e�ect of the dielectric property
is very small compared with the e�ect of conductivity, the skin e�ect is quanti�ed in
terms of a parameter known as skin depth (� ). Skin depth is the distance over which the
electromagnetic �eld's amplitude is attenuated by 1/e (i.e., 37%) of its surface value and
is given by:

� =
1

p
���f

(6)

where � is the magnetic permeability of a homogeneous medium in Henry/meter (H/m),
� is electrical conductivity in Siemens/meter (S/m), f is the frequency in Hertz (Hz) and
the skin depth is in meters (m). The magnetic permeability of most rocks is nearly the
same as that in a vacuum (� = � 0 = 4 � � 10� 7) (Zhdanov and Keller, 1994)7 allowing the
expression to be written as:

� =
503:8
p

�f
(7)

This value is not the limiting distance or the depth of the �eld's penetration, but a
convenient measure of the attenuation in terms of distance or depth. The equation shows
that EM �elds attenuate faster in materials of high conductivity and the attenuation is
greater for �elds of higher frequency. In the time-domain a measure of skin depth which is
known as the di�usion depth is the depth to the maximum current density at a particular
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2 THEORY

delay time (t) and depends on the electrical conductivity (� ) and magnetic permeability
(� ). It is given by the expression:

d =

r
2t
��

(8)

Where t is in seconds (s), d in m, and� in S/m. The expression is written as:

d = 1261:6

r
t
�

(9)

Di�usion depth is larger for the more resistive ground because the current system dif-
fuses faster into it. A receiver at the surface senses the smoke ring attenuating quickly,
i.e., a rapid decay in signal amplitude as the distance to the moving smoke ring rapidly
increases. In the resistive ground, it is necessary to make measurements at early delay
times in order to detect the rapidly expanding smoke ring. Its velocity decreases with in-
creasing conductivity; in other words, di�usion is a slow process in the conductive ground.
As a consequence, measurements made at early delay times pertain to shallower depths
in conductive environments than in resistive ones. Note that without the conductivity
being known, the delay time is an unreliable indicator of the depth to which particular
measurements pertain.

2.3 Electromagnetic Properties of Rocks

Three physical properties of rocks which a�ect the propagation of the electromagnetic are
electrical conductivity ( � , S/m), magnetic permeability ( � , H/m), and dielectric permit-
tivity ( � , F/m). The dielectric constant is de�ned as material's ability to be electrically
polarised and has an important control of the responses of high-frequency EM surveys
(Qifei and Manika, 2016)8. Magnetic permeability is a value that expresses how a mag-
netic material responds to an applied magnetic �eld. Magnetic permeability is related to
the more fundamental property, magnetic susceptibility K � through the expression:

� = � 0(1 + K � ) (10)

Where � 0 = 4 � � 10� 7 (H/m) is the magnetic permeability of free space. Electrical conduc-
tivity is a measurement of how easily a material allows electric current to 
ow through it.
Inversely, electrical resistivity measures how strongly a material resists the 
ow of electric
current ( � = 1

� ). Electrical conductivity is the most important and practical electromag-
netic property estimated from AEM data. The electrical conductivity/resistivity of a rock
depends signi�cantly on its mineralogy and pore-water properties. Figure 2 is a diagram
that shows the typical range of conductivity of common Earth materials. Considering that
the majority of rock-forming minerals are poor conductors the conductive properties of
most rocks are dominated by ionic conduction. Pore-water properties a�ect the e�ciency
of ionic conduction. In general, rock conductivity is larger when the salinity (the concen-
tration of dissolved ions) is larger. Base metal sulphides are typically very conductive and
are important targets in mineral exploration applications. Native metals and graphite are
also conductive rock constituents. Almost all other rock-forming minerals act as insula-
tors. There are exceptions for some clay minerals that serve to increase conductivity via
ion exchange processes if they are wet (Keller, 1988)9. This is an important factor in the
AEM mapping of the Regolith zone.

2.4 The Airborne Electromagnetic (AEM) Method

There are several operating systems for electromagnetic methods based on attributes like
dimensions, orientation, and spectral content of the transmitting source, the relative posi-
tion and direction of the transmitter and receiver, how the receiver detects the �elds, and

5



2 THEORY

Figure 2: Typical range in conductivity/resistivity for some common mineral rock types
and near-surface materials (modi�ed from Palacky, 1993)10.

how a survey is carried out. This thesis works with the airborne electromagnetic method,
a class of electromagnetic in which an aircraft carries or tows the transmitting and receiv-
ing instrumentation through the air. AEM geophysics has been increasingly applied to
investigate large subsurface areas due to its time and cost e�ciency in producing spatially
extensive datasets and its ability to provide high-resolution information about the elec-
trical conductivity properties of the shallow subsurface. Two main subcategories of AEM
systems are frequency-domain (FDEM) and time-domain (TDEM) systems. Both meth-
ods are explained in detail in the following sub-sections. However, in summary, FDEM
systems transmit a continuous sinusoidal current waveform through multiple loops at dif-
ferent discrete frequencies. In contrast, TDEM systems transmit a pulsed (i.e., on then
o�) current waveform through one loop. AEM systems were developed in the frequency-
domain in Canada in 1946 (Palacky and West, 1991)11 to detect the conductive massive
sulphide bodies within the resistive rocks of the Precambrian shield. The following need to
explore other types of targets and the di�erent kinds of geological environments combined
with the development in EM systems has led to higher sensitivity of time-domain sys-
tems, which are now being used almost exclusively for mineral exploration and geological
mapping. In particular, TDEM systems have superior performance in areas of conduc-
tive overburden compared with FDEM systems; they can detect good conductors located
at a signi�cant depth below conductive overburden. FDEM systems now �nd application
mainly to shallower groundwater and environmental studies (Dentith and Mudge, 2014)12.
AEM surveys aim to improve our information about the subsurface by acquiring knowledge
of its electromagnetic properties. Its application is considerable, where there is su�cient
contrast between the electromagnetic properties of the various subsurface units. In these
units, the electromagnetic properties can act as a representative parameter for subsurface
mapping. The bulk electromagnetic properties of rocks are a complex function of multiple
variables (e.g., mineral content, porosity, pore 
uid conductivity, and saturation), so this
method is not practical for determining the composition of mineral ores or lithological
units.
Although the AEM method was originally developed as a mineral exploration tool, in-
cluding the detection of massive sulphides, unconformity-style uranium mineralisation,

6



2 THEORY

Kimberlites, and mapping of Palaeochannels as a potential host for placer deposits and
sandstone-hosted uranium deposits, it is becoming more common in geological mapping
to complement magnetic and gravity surveys, mapping groundwater to detect water re-
sources and water quality characterisation (Sengpiel, 198313; Fitterman and Deszcz-Pan,
199814; Sattel and Kgotlhang, 200415; Auken et al., 200716) and soil salinity (Anderson
et al., 199317; Street et al., 199818; Lawrie et al., 2000a19; Brodie et al., 2004b20)

2.4.1 Frequency-domain AEM Systems

In the frequency-domain systems, a continuous sinusoidal (a.c.) current produces a pri-
mary magnetic �eld, usually at several frequencies. The primary magnetic �eld induces
sinusoidally varying eddy currents into a conductor (Fig. 3A). They circulate in the con-
ductor and are out of the phase with respect to the primary �eld. Properties of the
conductor a�ect the strength and phase of eddy currents so by measuring these proper-
ties, information can be obtained about the subsurface conductivity (Dentith and Mudge,
2014)12.
The FDEM systems consist of multiple coil sets that consist of a transmitter (Tx) and a
receiver (Rx). The transmitter consists of a wire coil through which a continuous sinu-
soidal current is passed at a single �xed discrete frequency. This time-varying, alternating
current (a.c.) is related to an alternating primary magnetic �eld by Ampere's law. By
Faraday's and Lenz's laws, this magnetic �eld propagates from the transmitter and in-
duces eddy currents to 
ow in the electrically conductive subsurface material. A secondary
�eld, which is in
uenced by the various conductive properties of the Earth's subsurface
geology, is then produced. In each receiver, there is one coil tuned to receive at the spe-
ci�c frequency of its paired transmitter. Analysis of the voltages measured in the receiver
coils allows inferences about the subsurface materials' electromagnetic properties. The

Figure 3: (A) Frequency-domain EM primary and secondary �elds at receiver. (B)
Frequency-domain EM response for In-phase and Quadrature of a conductive sphere in
AC �eld (after Klein and Lajoie, 1980) 21.

total magnetic �eld that will be measured at the Rx is the sum of the primary (Bp) and
secondary (Bs) magnetic �elds (Fig. 3). FDEM response is de�ned as the secondary mag-
netic �eld ( Bs) normalised by the primary magnetic �eld ( Bp = B0). FDEM separates
the secondary �elds from the primary by subtracting the di�erence between the measured
and predicted �elds, with FDEM data expressed as in-phase (real) and quadrature (90°
out of phase/imaginary) components (Legault, 2015)2:

I =
R(B tot )

B0
� 1 Q =

Im (B tot )
B0

(11)

where R(B tot ) is the amplitude of the component of the total �eld that is in the same
phase as the primary �eld and Im (B tot ) is the amplitude of the component that has a 90°
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2 THEORY

phase shift with the primary �eld. AEM data are presented in units of parts per million
(ppm) (Kiyan and Rath, 2017) 22.

2.4.2 Time-domain AEM Systems

In the time-domain systems, change in the primary magnetic �eld is produced by either
abruptly turning-o� or turning-on a steady (d.c.) current (Fig. 4A). A pulse of current
is induced in a conductor, causing the circulation of eddy currents in the conductor for
a short period and quickly decay as they lose energy. Monitoring their decay provides
information about the subsurface conductivity because their strength and duration are
dependent on the electrical characteristics and geometry of the conductor (Fig. 4B). The
delay time refers to the strength of the secondary magnetic �eld as a function of time,
since the primary �eld turn-o� or on. Channels are measurements for a speci�c delay
time, and they are frequently identi�ed by their numbers, for example, channel 1 refers to
the least delay time. Generally, the measurements are recorded after the pulse turn-o�,
where there is no primary �eld, and are known as the o�-time measurements.
Accurate time synchronisation for transmitter and receiver is crucial since measurements
are made at millisecond intervals with time series typically spanning a few tens of mil-
liseconds and spanning a few seconds when measuring very slow decays. Although each
measurement is nominally made at a de�ned delay time, in practice, most EM systems
make a very large number of measurements of the secondary decay for tens to thousands
of repetitions of the transmitted pulse. Multiple decay measurements enable equivalent
measurements in the time series to be stacked to reduce noise. This is particularly impor-
tant at late delay times when the secondary signal is very weak and usually obscured by
noise. The stacked measurements are merged into a smaller number of receiver `windows,'
also referred to as channels, which have a �nite time-width that increases with delay time.
The channel amplitudes form the �nal representation of the decaying secondary �eld.
The time spacing between the channels is approximately logarithmically spaced. In order
to accurately record this rapidly changing part of the decay, more closely timed channels
are required than they are for the more slowly changing late-time decay. The delay time
for each channel and the period over which the decay is recorded are set by the system
base frequency. On-time measurements are critically a�ected by variations in the location
of the receiver with respect to the transmitter, which causes variation in the measure-
ments. Accurate monitoring of system geometry is essential in order to minimise this
system noise. TDEM measurements are made when the primary �eld is turn-o�, so the
receiver sensitivity is maximised to detect the weaker secondary signals, and variation in
the orientation and location of the receiver with respect to the transmitter are not a source
of the noise (Dentith and Mudge, 2014)12.
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Figure 4: (A) Schematic representation of time-domain EM transmitter and receiver wave-
forms (after US EPA Environmental Geophysics website). (B) Time-domain EM response
for primary and secondary �elds at receiver, for a low (Poor=Blue) and high (Good=Red)
conductivity zones (after Allard, 2007)23.

2.4.3 Acquisition of AEM Data

Although there are some obvious distinctions, AEM systems perform similarly to ground
EM systems. AEM systems carry both the transmitter and the receiver on the moving
platform. The transmitter loop is located at a height above the ground, so the induced
eddy current is laterally more expansive and locally weaker than the same loop of the
ground surface system. In addition, the loop is smaller than that typically used in ground
systems, the transmitter and receiver are further from the target, and the measurement is
naturally noisier, so more attention is required to maximise the signal-to-noise ratio in both
the instrumentation and the data reduction. AEM systems generally have a more powerful
transmitter than ground systems. Two main categories of AEM systems are towed-bird
�xed-wing and rigid-frame helicopter systems (Fig. 5). Both categories have several
special systems and response characteristics in common. The primary determinants of
system selection are the operational characteristics of each class of aircraft, i.e., �xed-wing
aircraft for wide-area regional surveying and helicopters for local-area low-level surveying
(Dentith and Mudge, 2014)12.

Figure 5: Schematic illustrations of �xed-wing (left) and helicopter (right) AEM systems
(modi�ed from Dentith and Mudge, 2014) 12.
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3 THE TELLUS AIRBORNE ELECTROMAGNETIC SURVEYS

3 The Tellus Airborne Electromagnetic Surveys

Tellus is a national programme managed by Geological Survey Ireland (GSI) and funded
by the Department of the Environment, Climate, and Communications (DECC), aimed at
collecting geophysical and geochemical data across Ireland to support environmental and
natural resource management. The Tellus airborne geophysical survey collects magnetic,
electromagnetic (EM), and radiometric (gamma-ray spectrometry) from a low-
ying, all-
metal, �xed-wing, aircraft.
The Northern Ireland part of the Tellus Programme was carried out with the GTK AEM-95
system which had two frequencies (3125 and 14368 Hz). The other FDEM surveys were
completed using the improved AEM-05 system which was developed as Joint Airborne
Geoscience Capability (JAC) by a partnership between the Finnish and British Geological
Surveys. The AEM-05 system operates at four frequencies, 912 Hz, 3005 Hz, 11962 Hz,
and 24510 Hz, and is subsequently operated by Sanders Geophysics Limited (SGL). Or-
thogonal in-phase and quadrature components of the EM responses at each frequency are
recorded and subsequently processed independently of each other, providing eight compo-
nents of data at each measurement location (Muller and Hodgson, 2020)24. The nominal

ight speed of 60 m/s and 10 Hz EM data sampling rate provides measurement locations
at approximately 6 m intervals along the 
ight lines. The transmitter and receiver coils
are mounted on separate wings (Fig. 6A) in a vertical-coplanar orientation with a coil
separation of approximately 21.4 m. The system is also equipped with a 50/60 Hz power
line monitor, which becomes particularly useful in identifying cultural interference when
surveying in urban settings (Ture et al., 2017)25. The survey altitude in rural areas is 60
m and 240 m in urban areas (Hodgson and Young, 2016)26.
Tellus North Midland (TNM) survey was carried out with the CGG GENESIS system.
The GENESIS 3-axis towed bird assembly provides accurate low noise sampling of the X
(horizontal in line), Y (horizontal transverse), and Z (vertical) components of the elec-
tromagnetic �eld. The transmitted waveform is a square wave of alternating polarity,
which is clocked directly from the EM receiver computer. The nominal transmitter base
frequency was 225 Hz with a pulse width of 1.11 ms (50% duty cycle). Loop current wave-
form monitoring is provided by a Hall E�ect Sensor located directly in the loop current
path to allow for full logging of the waveform shape and amplitude, which is sampled
by the EM receiver. The receiver coils measure the time derivative of the magnetic �eld
(dB/dt). Signals from each axis are transferred to the aircraft through a tow cable specif-
ically designed for its electrical and mechanical properties. The EM transmitter (Tx ) was
mounted above the aircraft with a loop running between the wings and tail mount with
a horizontal separation of 77 m between the transmitter and receiver. The EM receiver
(Rx ) was deployed on a bird below the aircraft (vertical separation betweenTx and Rx is
44 m) (Fig. 6B). Only X and Z data collected were processed and delivered. The nominal

ight speed of 60 m/s and 5 Hz EM data sampling rate provides measurement locations
at approximately 12 m intervals along the 
ight lines. Flight altitudes of 90 m and 240
m were used for rural and urban areas, respectively. The TDEM data were collected at
eleven Tellus time windows (0.009, 0.026, 0.052, 0.095, 0.156, 0.243, 0.365, 0.547, 0.833,
1.259, and 1.858 ms) for bothB inline and Bvertical components. Figure 7 shows a map of
the areas completed by the Tellus programme from 2005 to 2021. Close to 80% of Ireland
have been surveyed by 2021. More details of the areas completed through the Tellus AEM
surveys can be found in Table 1.
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