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Introduction

INTRODUCTION

Electromagnetic and magnetic methods have been applied in mining
exploration since at least the beginning of the 20th century. In the early 50s,
the technological advances developed during the World War Il move the
interest from the ground to airborne systems. During the years a significant
evolution has regarded the instrumentation, the acquisition phase and the

pro cessing techniqgues which was made possible thank to the parallel
development of the electronic computers.

Nowadays airborne surveys often cover hundreds to thousands of square
kilometers and contain thousands of line kilometers of data with measurement
locations every few meters. Airborne systems are usually equipped with
multiple sensors that allow to measure simultaneously different geophysical

data as well as ancillary data (GPS position and radar altimetry).

In fact, time domain electromagnetic (TDEM) a nd magnetic surveys are often
performed simultaneously, by a single airborne system carrying both the
electromagnetic equipment and the magnetic sensor.

The opportunity of having two distinct dataset s over the same area, obeying
to different physical princ  iples and thus investigating the distribution of
different physical properties within the earth is, in principle, of great value. In

fact, it makes possible an integrated study of the two types of data with a
potentially strong improvement of the final int erpretation model. The
integration of different geophysical methodologies may allow a better
definition and understanding of the studied geological problem but it is still not

a very common used practice in exploration geophysics.

In this research, | focu sed on processing and modeling of TDEM and
aeromagnetic data acquired during the same survey, with the aim of exploring

the possibilities for a joint interpretation of these different datasets.

My research involved both methodological advances and applicat ions to real
dataset.
In partic ular, | will show two case studies , both located in Canada.

The first one, is related to Broken Evil prospect in Ontario. This region hosts

some of the richest mineral deposits of Canada (especially volcanic massive
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sulfide deposits). The second one is related to Drybones bay in Northwest
Territories, where in 1994 a completely underwater kimberlite structure was
discovered.

The inversion of TDEM data is usually performed by means of 1D inversion
algorithms that use spatially constraints on model parameters in order to
regularize the inversion process.

Two different electromagnetic (EM)  surveys were flown over the Broken Evil
prospect. The two TDEM systems used had different moment, waveform
shapes and receiver times. From an instrumental point of view, they represent

two completely distinct dataset. The TDEM data over this area were jointly

inverted using the Spatially Constrained Inversion (SCI) approach (Viezzoli et

al. 2008) providing a unique resistivity model that result s more reliable in
terms of overall robustness of the geophysical results and has greater spatial
resolution. This joint inversion has required the addition of a calibration factor

in the data space before the inversion in order to increase the consistence in
the model space.

The analysis of the TDEM data acquired over the Drybones bay has shown

clear effects of induced polarization (IP) phenomena. These phenomena are
usually observed in the data derived from coincident -loop systems. In this
case, the trans ient show s abnormal fast decay with the existence of negative
values of the voltage data. Generally, these negative data are removed from

the dataset before the inversion as, without considering a dispersive nature for

the resistivity, no meaningful inform ation can be derived from negative parts

of transient. However, a polarizable earth may be described using an
impedance model derived from the empirical Cole - Cole model (Cole and Cole,
1942). Thus, the  TDEM data inversion was performed by using a 1D algorithm
that permits to model the four Cole-Cole parameters in TDEM transient
(Fiandaca et al., 2012).

The IP effects represent one of the phenomena that most affects the EM
transient decay. However, even without considering IP effects, t he shape of
the EM transient decay depends on the distribution of the conductivity with

depth. In the simplest case of layered earth model, | noticed that some
information about the interface of different electro -layers c ould be derived,

studying the first and the second order d erivatives of the EM transient. In
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particular, the transition from a conductive to a resistive layer results in a
minimum of curvature of the transient while on the contrary the transition

from a resistive to a conductive layer corre sponds to a maximum of curvature.
This confirms that there are some time intervals in the EM transient decay that

contain more information on the structures in the subsurface.

Thus, | have proposed a new approach to sample the EM tr ansient, called
Adaptive -gating, that consists in a more detailed sampling of the time
intervals at which the electromagnetic response shows slope variations.

| have proved that the use of such an alternative sampling scheme, compared

to the classical Log -gating approach (Munkhol  m and Auken, 1996), which uses
number of gates with a logarithmic increase of the width with time, aims to

get more accurate inverse models by extracting the geological information

from the measured data in an optimal way.

A 1D inversion algorithm applied on the collected soundings of the EM data
provides vertical distributions of the investigated physical property at depth.

The SCI approach, used in this work to invert the TDEM data, operates in this

way. For the inversion of potential field data is not po ssible to define any 1D
inversion algorithms. This is because the 1D algorithms assume a lateral
homogeneity of layers with infinite horizontal dimensions that, producing a
constant field in the space, are not able to explain any magnetic/gravimetric

anoma lies. In addition, the potential field data are usually collected at one
altitude over the ground and not as vertical soundings.

However, the possibility of calculating the potential field data over an arbitrary

surface if the field is known completely ove r another surface and no sources
are located between the two surfaces, allows building vertical soundings. In
this work, | have studied the inversion of the vertical magnetic soundings

(Fedi a nd Rapolla, 1995) that can be considered as a 1D inversion method.
Several synthetic tests were performed to set up the method, which was
subsequently applied to magnetic data collected during the two examined case
studies.

The interpretative results of the TDEM and magne tic data reveal that the
sensitivity of the two methods may differ with respect to the investigated

geological structures. This would imply a certain difficulty in setting up a true
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joint inversion algorithm to interpret these two data types simultaneously

would be valid in all the studied cases.

However, results show how with different resolution and depth of
investigation, in the studied areas the cooperation of the TDEM and

aeromagnetic data can lead to a better understand of the structures at dept

that
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CHAPTER 1 i Time Domain Electromagnetic
Method, airborne EM systems and sampling
optimization of AEM transients

1.1  Basic physics of EM

The fundamental electromagnetic phenomenon is that a varying magnetic field

will result in a varying electric field which, again, will create another varying
magnetic field and so on. This determines the propagation of the
electromagnetic field.

An electr omagnetic field is defined by five vector functions: E (electric field

intensity, V/m), B (magnetic induction, Whb/m 2

or Tesla), D (dielectric
displacement, C/m ?), H (magnetic field intensity, A/m) and J (electric current

density, A/m ).

Any electromagnetic phenomenon is described by the interaction of these

el ements that can be end up in the Maxwell 6s
Maxwel | 6s equations are uncoupled first order

in time domain are expressed by:

o | 0

o PP
O T o
nP m P
ndo " p8

where 9 is electric charge densit y (C/m 2).

Moreover, there are three other equations, named constitutive equations,

which establish the  connections between the five vector function s and explain
the response of a medium to an electromagnetic field. For an isotropic linear

material they are:

o -0 P
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6 'O P

where U is electric conductivity (S/m), U dielectric permittivity (F/m) and i

magnetic permeability (H/m) (Grant and West, 1965).

Theequaton 1.5 is the Ohmés | aw in microscopic co

1.6 and 1.7 are two empirical relationships of electric and magnetic fields.

The equation 1.1, known as the first Maxwel |
that any magnetic field that varies through time will be accompanied by a
spatially -varying, non -conservative electric field, and vice -versa. The

electromotive force (  emf) in a coil is equal to the negative of the rate of

change of the magnetic flux.

The equation 1.2, known as the second Max wel | equation or Ampe
states that an electric current can generate an induced magnetic field. For an

alternating current circulation, the re will be an additional current in the

medium, known as displacement current, that is proportional to the var iation

of the electric field, produced by the alternating current, through the dielectric

permittivity (equation 1.6). This displacement current is added to the

conductive current and both act to induce the magnetic field. The equations

l3andl4arethe Gaussd | aws for magnetic and el ectr
| refer to Ward and Hohmann (1988) and West and Macnae (1991) for a

complete treatment of the EM theory.

The el ectromagnetic geophysical met hods ar e
equations. An alternating current, fl owing in a transmitter coil, produces a

magnetic field that varies in time, i.e. the primary field. This field, according to

Maxwel | 6s eqguations, i nduces an electrical c
These induced currents, with the associated electrical field, generate in turn a

magnetic field, i.e. the secondary field, measurable with a receiver coil. At the

receiver coil, a total field, that is the sum of the primary and the secondary is

measured. This is valid for the electromagnetic method in the fre quency

domain (F DEM). As the information about the conductivity of the ground are

contained in the secondary field, which is smaller than the primary field, the

most challenge issue for these methods is to accurately measure the primary

field in order to ¢ orrectly compensate the measured data. Alternatively, the

secondary field can be measured in the absence of a primary field as a

11
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function of time (i.e. time domain methods, TEM). This chapter is focused on

these latter methods.

1.2 Time domain electromagnetic method: principles
and measuring procedures

The time domain methods are relatively young if compared to the frequency

domain and electric methods. Until the early 1960s, all the EM systems
transmitted and received continuously on one frequency at a time. The first
successful application to transmit transient pulses and measure the ground
response during the off -time is dated to 1962 (Telford et al., 1990). These

were the airborne Input (Barringer, 1962). Since the early 1970s, there has

been a dramatic inc rease in the development of such time domain systems,

i.e. the EMP pulse ground system of Newmont Exploration (Dolan,1970). This

inductive method  was originally designed for mineral investigations. Only since

the early 1990s, with the development of modern computers, that have made
faster the processing and then the interpretations, these methods have been
extensively applied in different fields: from mining exploration to
hydrogeological purposes, from general geological mapping to environmental
problems.

With time domain methods, as the name suggests, is measured the amplitude

of a signal as a function of time.

The time domain systems usually consist of a receiver and transmitter unit

attached to a receiver coil and a large transmitter loop, respectively. The
receiving coil is connected to the receiver and the receiver, in turn, is
connected to the transmitter allowing the synchronization between the
transmitter and the receiver. The receiver coil can be placed in the middle of

the transmitter loop, the ce nter -loop configuration or can be placed outside
with a characteristic offset, the offset -loop configuration.

Through the loop of the transmitter passes a constant current. This results in a

static primary magnetic field. After few milliseconds, the curren t is quickly
shut of f, thereby interrupting the primary m
law, an electromotive force ( emf) is induced in the surroundings. In the
ground, this emf will yield an electrical current, which run s below the

transmitter and diffu ses through the medium resembling smoke rings

12
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(Nabighian, 1979). These eddy currents again will yield a magnetic field, the
secondary magnetic field. The rate of change of the secondary magnetic fields

is recorded using an induction coil and it is measured as a function of time
(Fitterman and Stewart, 1986).

As time passes, the induced currents will attenuate (converting to heat) for

the resistance of the ground and their maximum amplitude will diffuse
downward and outward. In this phase, the current diffus ion is controlled by
the conductivity of the ground: high conductivity involves slow diffusion and

decay of the current compared to poorly conductive ground, where currents

diffuse and decay more quickly.

Just after the current in the transmitter loop is t urned - off, the current will flow

in the upper part of the ground and the amplitude of the measured signal will

depend on the conductivity of the top layers. Later, the maximum current

density will be at greater depths and the secondary magnetic field will contain
information on the conductivity of the lower layers. The voltage measured at

the receiver coil is called fitransient 6 and gives information about the
conductivity of the ground.

This transient has a large dynamic range as it is measured in a long t ime
interval, showing a great variation of its amplitude. Typically, the variation is a

factor 10 ©, and this field should be measured from 10 ® st0 10 * s after the
current in the transmitter loop is turned -off (Christiansen et al., 2009).

The data are r ecorded in time -windows, called figates 6. The sampling of the
secondary magnetic field is often performed following a standard approach,

using the same number of gates per time -decade with a logarithmic increase

of the width with time in order to improve th e S/N ratio at late times. This is
the classical log -gating configuration (Munkholm and Auken, 1996). Usually,

the early time gates are very narrow to take into account the rapid changing

of the transient voltage and they provide information about the shal lower
structures. The late time gates, that occur when the transient voltage is
changing more slowly, are for this reason much longer and contain information

on the deeper structures.

13



Chapter 1¢ Time Domain Electromagnetic Method, airborne EM systems and sampling
optimization of AEM transients

1.2.1  The transient response over a layered half - space

The tme -domain EM method theory is based on
given a set of conditions and assumptions. A detailed description of this theory

is found in Ward and Hohmann (1988) and as a shorter version in Christiansen

et al. (2009).

The verti cal magnetic field Hz in the center of a circular loop, which is a good

approximation for a square or otherwise seg mented loop of the same area,
with radius a and current 1, is:

§O) ng T oQr 5Z—L’)=('£Q= PRy
with h and z are the transmitter and the receiver heights, J; is the Bessel
function of order one, ] E E where k, and k, are the spatial
frequencies in the x and y direction and U, is the propagation factor that in

quasi - static approximation, when the displacement currents can be neglected,
isequalto & 1 Bt jm . rre is the reflection coefficient and it expresses
how the layered half -space modifies the source field.

The integral is called a Hankel integral and it is expressed in the frequency
domain because rg is a function of frequency.

The transient response is obtained by inverse Laplace transform or inverse
Fourier transform of the Hankel integral.

The expression above appl ies to the vertical magnetic field in the center of a
circular loop. Any deviation from this setup (piecewise linear loops, off -set
loops, x -component of the fields etc.) introduces other equations but, common

to them all, only numerical solutions exist. | n fact, generally, the integral in
equation 1.8 cannot be easily solved analytically, because of the complexity of

Bessel functions and has to be evaluated using numerical methods. However,

for the model of a homogeneous half -space an analytic solution can be found,
using this loop configuration. In this case rre becomes:

‘ 0 %
! ;

assuming quasi -static conditions, ie. O 1 Bt jm where 0 is the half -

space resistivity, and the vertical magnetic field simplifies to:

14
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1

Using the relation between b; and hz, you can now solve for b, by evaluating

the integral and applying an inverse Laplace transform:

- 1) o© o .

— ——A — A QA

G AU A P TR d PP P
x EQE —nh 0 is the conductivity of the half ~ -space, erf is the error function

and t is the time window.

b, may be evaluated for O° mas A t )j¢ AThis is the size of the primary
field in free space or the magnetic intensity before the current i s turned off.

As an induction coil is used for measurements in the field, the actual
measurement is that of db/dt (the induced electromotive force is proportional

to the time derivative of the magnetic flux passing the coil).

The time derivative, or the impulse response, dbz/dt is found through

differentiation to be:

TA p . C . .
=5 EGA@ACE ﬁjAo ¢ AA PP G
when & approaches zero, i.e. at late times, the time -derivative of the magnet ic

field can be approximated by:

T - A-t -
O ¢ ma o)
where -  )AA is the magnetic moment of the transmitter.

PP o
Thus, the tim e derivative of b exhibits a decay proportional to t'52,
The decaying curve of the magnetic field is not very informative and usually it
is preferred to display the apparent resistivity curve, instead. This curve is
derived from equation 1.13 and is expressed as:

P - U

A ¢ TFA] FO o
The apparent resistivity is not equal to the true resistivity for a layered earth,
but it provides just a valuable normalization of the data with respect to the
source and the measuring configuration.
These are the central equations for the TEM method, but they are applicable in
this form only to the vertical field in the center of the transmitter loop at the

Earthoés surface.

15
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1.3  Airborne EM systems

Airborne electromagnetic systems (AEM) have been used for more than 60

years. The first applications were related to the exploration for minerals and

justified by the need to cover large areas at reasonable costs.

AEM systems vary by their features, sizes and field of application, but they can

be divided into two main categories: fixed -wing plane and helicopter based,
implementing both frequency and time domain systems.

Starting from 1997, various reviews have been pu blished regarding airborne
electromagnetic surveying (Fountain, 1998; Witherly, 2000; Fountain and

Smith, 2003; Nabighian and Macnhae, 2005; Fountain et al., 2005; Sattel,

2006; Thomson et al., 2007; Allard, 2007; Macnae, 2008; Sattel 2009).

The birth of ai rborne electromagnetic surveying dates back to 1948, when
Stanmac, a small exploration company, and McPhar Engineering tested the

first airborne system in the Flin Flon area (Canada). The system consisted of a
transmitter dipole axis, horizontal and transv erse to the flight -line direction,
mounted around the fuselage of a wooden Anson aircraft with the receiver

towed in a bird behind.

In 1954, the discovery of the Heath Steele zinc -lead - copper -silver deposits
(Canada) represents the first discovery obtained by an AEM survey, carried by
Inco in joint venture with American Metal Corp. (Fountain, 1998).

In the first systems, the transmitter coils were mounted inside the aircraft. In

1954, the Hunting system established the system geometry of fixed -wing AEM
syst ems with a transmitter loop installed on a metal aircraft as a horizontal
triangular loop from the trailing edge of the wing to the leading edge of the tail

fin.

In 1955 a new AEM system wa s introduced in Canada by Nucom that
presented a first rigid -mounted -coil and represent s the basic geometry of the
modern helicopter systems with a rigid -beam, coaxial -coil -pair towed ina 6 m
bird.

Until 1959 all the AEM systems, both fixed -wing and helicopter, worked on
frequency doma in. The first survey in time -domain was flown by Selco
Exploration using the time  -domain INPUT fixed -wing system with a transmitter

loop slung from the nose, wings tip and tail of the aircraft establishing the

16
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geometry of the modern time -domain fixed -wing AEM systems (Fountain,
1998).

In the 1970s, the 70% of all AEM survey were carried out by this system in

order to discover base metal and uranium deposits (Palacky and West, 1991).

In later years, many new systems have been developed and improved,

followi ng two different paths for the two types of systems, fixed -wing and
helicopter. The fixed -wing systems, wusing large transmitter -receiver
separation, focused on greater depth of penetration to the detriment of the

near surface resolution in order to identif y metal deposits for mining
explorations, while the helicopter systems sacrificed the depth of penetration

for higher resolution and were applied especially for near surface mapping.
Moreover, by the end of 1970s, the fixed -wing systems are nearly all time -
domain, leaving the frequency -domain for the helicopter systems that become

multi -frequency and multi  -component.

In the past decade, one of the most important development S in acquisition
capability is the rise to prominence of helicopter time -domain elect romagnetic
systems (HTEM) (Thomson et al., 2007). These new systems have the
objective to get the best of the two world by combining the high transmitter

power of fixed wing systems for depth penetration, with the slower speed and

flying altitude of the he licopter frequency -domain electromagnetic systems
(HFEM) for higher spatial resolution and surveys over more rugged topography

(Allard, 2007). Certainly, the development of these new systems is related to

the simultaneous technological advancements in dat a quality, signal to noise
ratio, investigation depth and spatial resolution. A major development is

driven also by the development of the accessory technologies like accurate

GPS location, fast A/D converter, data storage capacity, data processing

speed.

At date, two t ransmitter loop T receiver coils configurations exist and are
adopted by all the HTEM systems: the first one, named central loop
configuration, presents the receiver coils in the center of the transmitter loop.

This configuration is adopted by the SkyTEM of SKyTEM ApS (Sgrensen and
Auken, 2004), the VTEM by Geotech Ltd (Whiterly et al., 2004 and 2005), the
AeroTEM by Aeroquesto Ltd (Boyko et al., 2001; Balch et al., 2003), and the
HoisTEM of Normandy Exploration Ltd (Boyd, 2001 and 2004). The second

17
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configuration has a vertical separation between the receiver coils and the
transmitter loop with the receiver coils located above on the towed cable. This
configuration is used by the HeliGEOTEM of Fugro Airborne Survey (Fountain

et al., 2005), the NewTEM of Newmont Mining Corp. (Eaton et al., 2002 and
2004), and the THEM by THEM Geophysics Inc. (Bodger et al., 2005).
Moreover, some systems (AeroTEM, SkyTem, HeliGEOTEM) have two receiver

coil s with different orientations to measure the vertical and the horizontal EM
component s.

Concentric coil systems suffer from the strong primary field induced during on -
time which can persist into off -time as a high system transient, overpowering

the weaker secondary field. This problem is overcome using a bucking coil to
reduce the primary field amplitude by over four orders of magnitude at the Z -
axis receiver coil (Walker et al., 2008). The VTEM system has a 3 m radius

bucking coil located in the center of the transmitter loop and around the

receiver Z coil to red  uce the primary field strength.

To remove the primary field, first the response of the bucking -coil is
subtracted from receiver coil Z response and then a post -processing algorithm
including a deconvolution of the systembs cu
the primary field signal.

In addition, every system selected a specific waveform at one or more base

frequenc ies, which, as studied by many authors (Smith 1998, Lui 1998, Stolz

and Macnae, 1998), have an important role on the intensity of the induced EM

response. Each transmitter waveform meets precise objectives and strategies:

in general a fast transmitter current shut -off is used when near surface
resistivity mapping is needed, generating early off -time responses in weakly
conductive zones, while a long shut off transmitter current, penetrating
deeper, induces secondary currents in good conductors.

Another important characteristic of the HTEM systems is the dipole moment.

Over the years, this has been the main factor of development of the HTEM

systems. T he increasing in loop sizes, number of loop turns and transmitter

current resulted in a spectacular mutation of the systems. However, the
necessity of smaller and less heavy equipment, compared to fixed -wing
systems, will set a limit to transmitter power a nd, as a consequence, a limit on

depth penetration. The useful dipole moment with the transmitter current shut
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off depend on the survey objective: for example, if the purpose of the survey
is to map the near surface conductivity, then a lower dipole moment with a

faster turn off current is more suitable.

One of the most important limitation s of the AEM system is related to the
difficulty of obtaining unbiased early -time data, where the bias is the self -
response of the system, which is usually measured by f lying the system at

very high altitudes where the response of the ground is negligible. This can

prevent a correct primary field removal and a precise definition of the time

shift between the Tx and Rx system (timing) (Macnae and Baron -Hay, 2010).
Another problem is related to the definition of the absolute time -zero of the
systems (Christiansen et al., 2011). It must be considered that an
instantaneously shutting down of a current in a loop is highly problematic,

because a plethora of self -inductance, bac k currents and other phenomena
occur, with the result that the current is effectively not off. However,
fortunately, most modern systems are able to accurately measure the turn - off
time even for each recorded sounding.

In the last decade, the success of th e HTEM systems has been driven by
several advantages associated with these systems, as the excellent horizontal

accuracy (especially with the coincident transmitter -receiver configuration),
good near surface resolution (in large part due to wide high frequ ency
contents), cost -effective implementation and significant depth of exploration.

This opened the possibility of using such systems in a wide range of
applications, as mining exploration, groundwater mapping and environmental
problems. In their evolution ary process, the HTEM systems have evolved to
meet the need to deal with the discovery of those targets that previous

systems failed to detect because they were too deep, too conductive or had

complex geometry.

1.4  Types of noise in TEM data

The quality of AEM data can be compromised by a variety of noise sources

from both inside and outside the system.

The sources of noise related to the system include the coil motion and the

secondary response of the system. The receivVve

magnet ic field produces a large amplitude, low frequency and parasitic signal
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(Annan, 1983). This can be easily removed by high -pass filtering. However,
rapid oscillations of the receiver coil can add some noise at higher frequency,

very difficult to filter out and this explains why a mechanically stable receiver

coil mounting is necessary during data acquisition. Another source of noise is

due to the response of the system. In the HTEM systems, the transmitter and

the receiver are far enough from the helicopter, so these effects can be
considered weak and constant. However, the standard compensation
procedure consists in measuring the system response at high altitude, before

and after e ach flight, and deconvolving these response s from the measured
off -time respon se (Allard, 2007).

The noise affecting the measured signal, and not related to the system, can be
produced by natural sources or derived from cultural sources. The natural
noise presents several peaks in the EM noise spectrum. The natural noise at
frequency bel ow 1 Hz derives from fluctuations
This noise, because of its low frequency, does not influence the transient
measurements. On the contrary, the noise at frequency higher than 1 Hz can
compromise the TEM data quality. Thi s type of noise originates from flashes of
lightning from thunderstorms. This noise has a random character and it varies

during the day, being less powerful during the night than during the day, and

during the year, being stronger during the summer compare d to winter. The
amplitudes are generally 5 to 10 times greater than the vertical field, and

when numerous spherical events are present, it is difficult to filter them out

because their amplitude and time distribution are essentially random.

A complete dis cussion on the minimization and process techniques of noise for

TEM systems can be found in Macnae et al. (1984), McCracken et al. (1986),

Spies and Frischkneckt (1991), Effersg et al. (1999), and Nyboe and Sgrensen

(2012).

The most intuitive way to improv e the signal quality, considering the random
nature of the noise, is a stacking procedure.

The stacking may concern a single transient with the definition of time
windows or the stacking of many transients at the same position. Considering

the stack in ti me windows, a small number of stacks allows for a good near
surface resolution, but low signal to noise at late times. On the contrary, a

large number of stacks reduces the resolution at early times, but increase the
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signal to noise at late times. A correc t trade -off between these two aspects
must be considered when collecting the data. Usually, the followed approach

provides the measurement of the secondary field using time windows with a
logarithmical increase of their width in time. This is the classical log - gating
approach (Munkholm and Auken, 1996). Even using the log -gating
configuration a single transient can be affected significantly by noise. By
repeating the measurement at the same position the noise is decreased and

the signal is enhanced. Assumin g that the noise has a Gaussian distribution

and using a log -gating configuration the S/N ratio is proportional to MO where
N is the number of measurement in the stack. This means that the log -gating
strategy has the effect of increasing the stack size for progressively later time

gates and thus reducing the standard deviation of the noise through time by a

factor of the square root of the gate length. The ground surveys have a

definite advantage on the AEM systems coming from the stacking of
measurements a t fixed position for a long time. The AEM systems, being
moving systems, derive less benefit from this procedure. However, the lesser

flight speed of the HTEM systems, compared with the fixed wing systems,

allows to collectand  to stack 2 to 3 times more data per km.

Regarding the noise produced by cultural sources, it assumes greater
importance in the populated areas. It must be considered the noise originating

from the supply of electricity and the related electrical installations, resulting

in spectral peaks at 50 and 60 Hz and the relative odd harmonics. In addition,

all the electromagnetic fields from communication equipment act as source of

noise. The most important cultural noise affecting a measured signal is the so -
called coupling noise. It is due to the induced currents in the man -made
electrical conductors as buried pipelines, cables, fences, power lines, road
networks, and others features included in the volume where the primary field
propagates (Nekut and Eaton, 1990). The secondary field arisin g from these
currents is superimposed to the ground response. Obviously, this disturbance

cannot be reduced by stacking. The data affected by coupling effects should be
removed in order to get reliable interpretations. To minimize these effects the

distanc e of the transmitter -receiver system from the man -made conductors

should be more than 100 m.
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Sgrensen et al. (2000), and later Danielsen et al., (2003), differentiate two
types of coupling: galvanic and capacitive. The capacitive coupling is easily
recogni zed also in a single EM transient for its oscillating character, while the
galvanic coupling, involving a simple shift of the EM transient can be more
difficult to identify when considering a single transient. The only way to
identify and then remove the d ata affected by coupling and at same time have
enough data for meaningful interpretation is related to a sampling that is

spatially dense. This is certainly achieved by the AEM systems.

1.5 Geophysical data inversion

The method of predicting data for given s ources with some physical properties

is referred to the forward problem solution. Knowledge of the subsoil
properties by the observed data acquired on e
t he i nver se probl emés geophysical ahpldni cati o
solution consists in using the data to reconstruct the internal structure of the

earth. Inversion of geophysical data is complicated by the fact that data are

usually contaminated by noise and are acquired at a limited number of
observation points. At same time, the mathematical relations between data

and model parameters are usually complicated and in most cases some
simplifications of the geophysical phenomena are considered in the inversion
processes (for example, representing 3D ground with 1D or 2D
approximations). All these features represent a source of error and lead to

solutions that are ambiguous.

Moreover, all geophysical inverse problems are ill -posed, that means that the
solution is not unique or it is not a continuous function of the dat a, in other
words, small variations of the data correspond to large perturbation of the

solution. When the solution is not unique, equivalence problems can exist. For

a finite number of data, there are, in many cases, infinite models that have a
predicted response that is in agreement with the measured data. The most
important way to obtain reasonable results from the inversion process of ill -
posed problems deals with the application of different types of regularization
algorithms, allowing an automatic sel ection of the useful solutions using a -
priori information (Tikhonov and Arsenin, 1977). A -priori information can be

introduced from geological constraints, from the interpretation of the inversion
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of other geophysical surveys, from drill logs or from a mat hematical statement
of complete ignorance, such as the model smoothness (Ellis, 1998).

Many techniques have been developed to solve linear, linearized and non -
linear inverse problems and include different approaches such as least -square,
conjugate -gradien t and others. The underlying theory of the inverse problem

is well described in the geophysical literature from several authors: Jackson

(1972 and 1979), Tarantola and Val ette (1982), Menke (1984), Tarantola
(1987 and 2005), Constable et al., (1987), Meju (1994a and 1994b), Parker
(1994), Newman and Alumbaugh (1997), Scales et al. (2001), Zhdanov

(2002), Aster et al. (2005).

1.5.1 Least squares solution for linear and non -linear
inverse problems

The simplest and best -understood inverse problems are those that can be

represented with the integral linear equation:

04 Q0 Qa8 Q pH L

where f(m) is the functional relating model parameters (m) to model response
(d) over the volume V.

The corresponding matrix equation is:

0a Q PP ¢
where A is the forward modeling operator, incorporating the physical
equations and the details of survey design, relating the vector of
measurement d and the vector of the model parameters m.

When the number of the data ( N) is greater than the number of model
parameters ( M) the problem in equation 1.16 is called overdetermined
problem.

The simplest of methods for solving this kind of problem is based on measures

of the size, or length, of the estimated model parameters My and of the
predicted data dpg = AM g .

One of the most common measures of length is the least squares method.

For each observation one defines a prediction error, or misfit, e, =d °%- d,"e.
The least square solution is then the one with model parameters that leads to

the smallest overalle rror E, defined as:
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0 Q 04 Q 0a 0Q Q PP X

The total error E (the sum of the squares of the individual errors) is exactly
the squared Euclidean length of the vector e.
Extending the least squares to general linear inverse problem we obtain the
least square solution of the problem 1.16 (Menke, 1984):
a 00 00Q PP Y
where [A TA] *AT is the known generalized inverse matrix operator, which
apply to the data vector to recover the vector of parameters.
In EM methods, the relation between the data and the model parameters is
non -linear. In this case, the problem 1.16 is still valid if a conversion to a
linear approximation is found. The usual way is to expand the model response
by Tayl or6s series, around a mg)tappraximatimgg theni t i al
expansion by the first term:
T Qa

a
T $

"Qa "Qa

1a PP

The true model has to be sufficiently close to the starting model for the linear
approxima tion to be good that means U my must be small for all  j indexes. The
summation in equation 1.19, that contains all the partial derivatives of the

data against the parameters , is called Jacobian ( G).

The problem 1.15 is expressed by:

Q  "Qa O a°1 Q Qg 4 p&g T
Again, by least square method, a similar expression to equation 1.18 is found:

7T a 00 01 Q pg p
U m represent the small change of the m parameters of the starting model to

get a better fit between the observed and the predicted data:

a a 1 a Pg ¢

If the new model m, i s stil]l far from the Atrue mo d
response does not fit to a certain degree the observed data, the process is

repeated, but now taking m ; as the new starting model. These operations are

repeated iteratively until a reasonable solution with a good fit is found. The

iterative process scheme is given by the next expression:

a a ‘00 01 Q pg O
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and to each iterati ve step a new Jacobian matrix G must be calculated. New
model is always found from previous one. This iterative method is known as
Gauss - Newton method (Menke, 1984).

The method is simple and powerful, but can be tricky, producing solutions with

no physical meaning whenthe  G'G matrix is singular (or almost singular) that

is, when its eigenvalues are near zero. When the G'G matrix is not singular,
very slow convergence can take place or even diverging situations, due to a

wrong chosen starting model. To over come this problem, a priori information

can be incorporated to define a better starting model.

15.2 Inversion of AEM data

The inversion of AEM data refers to a mathematical methodology that consists

in estimating a conductivity model from the EM measured data. However, it
must be considered that the EM response is also sensitive to other properties

of the earth, as the magnetic susceptibility, the dielectric permittivity and the
chargeability.

The main purpose of an inverse problem solved following a determinis tic
approach consists in the minimization of an objective function (in a process of

a global optimization). The model that is solution of the inverse problem

should minimize the model objective function and also has a predicted
response in satisfactory agr  eement with the measured data (within the noise

level).

As for all the inverse problems, also the AEM inversion problem is anill -posed
problem. In order to obtain a unique and stable solution, a procedure of
regularization, by using a - priori information, is necessary. Another difficulty in

the EM inversion is the non  -linear relation between the observed data and the
geoelectric properties of the geological structures. This makes the inversion

problem non -linear and the solution is usually obtained by a num erically -
intensive iterative method.

At the same time, the calculation of the forward response, that plays an

important role in the inversion process, is itself difficult and very time
consuming for 2.5D or 3D models. Moreover, it must be considered that a n

AEM survey may contain a great amount of data collected on tens of

25



Chapter 1¢ Time Domain Electromagnetic Method, airborne EM systems and sampling
optimization of AEM transients

thousands of line kilometers of multi -channel data sampled every tens of
meters, which can be very time consuming to process and invert.

All these issues, joint with the limitation of the computer technology, help to
explain why the inversion of the AEM data, in the last decades, was performed
assumed 1D earth models.

The increase of the computer power and the fact that the geological structures
cannot always be approximated by a 1D model , have brought to more realistic
inversions, turning the interest to higher dimensional models and to
improvements of the existing 1D inversion algorithms.

Various 3D modeling algorithms have been proposed (Aarnason, 1995; Best et

al., 1995; Sugeng, 1998; Zhdanov and Tartaras, 2002; Zhang, 2003).
However, the routine use of full 3D modeling and inversion methods has yet to

be realized. The problem with this type of inversion is related to the necessity

to solve large systems of equations for all the transmi tter positions and for all
the points in the subsurface. This require a huge computation power that is,
despite the technological advancements, still very time consuming. Recent
developments have focused on fine -tuning of fast 2D or 3D inversion schemes
(Cox et al., 2010; Guillemoteau et al., 2012). However, in contexts where the

3D lateral variations are gradual and the conductivity contrast S are not so
strong, it was sometimes shown that the differences in the inverse models
obtained by 3D and 1D inversio n are not so obvious (Viezzoli et al., 2010).

For all these reasons, a lot of emphasis has been placed on improving 1D
methods over the development of 3D inversion.

In some cases, the resulting 1D model s are stitched together (Macnae and
Lamontagne, 1987; Auken et al., 2003; Huang and Fraser, 2003), involving
abrupt variations in neighboring models for the presence of inherently noisy

data and model equivalence. This approach can lead to results that are not
useful for sedimentary environments where the lat eral variations are expected
to be smooth. In these situations, a gradual lateral variation can be achieved

by using lateral constraints on model parameters of adjacent soundings during

the inversion process (Newman et al, 1987, Sengpiel and Siemon 2000,
Auken et al. 2005). Normally, AEM inversion codes based on 1D forward
modeling apply lateral/spatial constraints to regularize the inversions so as to

achieve solutions compliant with the predicted geological variations (Vallée
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and Smith 2009, Christensen and Tglbgll 2009, Brodie 2010, Auken et al.,

2014, Kirkegaard and Auken 2015).

Laterally Constrained Inversion (LCI, Auken and Christiansen 2004) and

Spatially Constrained Inversion (SCI, Viezzoli et al., 2008) are based on this

approach. These algorithms are able to produce quasi -2D and quasi -3D
images of the subsurface using a 1D forward solution and their use is justified
where lateral changes in conductivity are gradual.

This type of algorithms normally offer support for two modeling approaches:

Al ayered/ di screte model s or t he L1 norm

which invert for a limited number of layers with variable layer boundaries; or

opt |

Asmooth models or the LZgnarms bapedmilzatsiton

inversions, which are based on a large number of stacked layers in a fixed
vertical discretization.

The smooth approach produces sections with formation boundaries smeared
out by regularization. Vertical constraints are applied in the smooth models to
generally stabilize the inversion (Constable et al., 1987)

Smooth models are discretized with a number of layers up to 30, with a
maximum depth that is consistent with the penetration capability of the
system. The thickness of the layers increases logarithmically with depth,
starting fro m few meters thickness for the shallower layer.

One of the advantage s of smooth inversions is the greater independence from
the starting model. The gradual resistivity transitions allow defining more
accurately complex geological structures.

In the layered or Abl ocky & thepipversiom ccan, operate without
additional regularization, due to the much smaller number of free model
parameters.

The blocky inversions are used to determine layer interfaces, resistivity, and
depth of penetration. Blocky models consist of small number of layers,
representative of the existing geological contest, with lateral and vertical
constraints applied for resistivity and layer thickness.

In this approach, the inversion is more sensitive to the specific choice of the
start ing model and it can introduce artifacts if the geology is particularly

complex.
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In environments with pronounced 3D model characteristics, 1D inversion is
strongly influenced by 3D effects and will in many cases provide unreliable
models with artifacts kno  wn as fpantlegs 0 (Christiansen et al., 2009).
Goldman and Stoyer (1983) showed that the resistivity of a buried axially
symmetrical body is significantly overestimated while its depth and thickness
are obtained fairly accurately using 1D inversion.

The effect of 3D structures on 1D interpretation of TEM data has been dealt
with in a number of papers, e.g., Auken (1995), Hordt and Scholl (2004),
Newman et al. (1987) and Goldman et al. (1994).

1.5.3 Laterally Constrained Inversion (LCI)

This inversion algorith  m is described in detail in Auken and Christiansen
(2004). It allows performing the inversion of large data set, where the
parameters of the earth model (resistivity and thickness or depth of the
electro -layers) for each sounding are connected laterally by means of lateral
constraints, defining a specified variance of the model parameters. The lateral
constraints can be considered as a -priori information on the geological
variability in the area of measurements. In LCI, the connection of the
soundings occur s along a profile, producing quasi -2D images of the subsurface
with smooth lateral transitions. The constraints allow the migration of
information from one model to neighboring models, helping to resolve areas

with poorly constrained parameters or sounding s particularly noisy. The
strength of the constraints controls the allowed variation in the adjacent
soundings. Roughly speaking, a constraint value of 1.1 means that the model
parameters are allowed to vary up to the 10% between neighboring models

(figure 1.1).
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R, =resistivity constraint, R, = depth constraint

Figure 1. 1: Model parameters with vertical and lateral constraints (adapted from Auken and
Christiansen, 2004).
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The LCl is a full non -linear damped least squares inversion based on an exact
forward solution, modeling the i nstrumentationds system tr
(STF). The solution s developed by Ward and Hohmann (1988 ) are used as the
basis for the forward modeling algorithm. Modeling the STF also includes the

low -pass filters (Effersg et al., 1999), and turn -on/turn -off ramps (Fitterman
and Anderson, 1987).

The dependence of apparent resistivity on subsurface parameters is in general

described as a non -linear differentiable forward mapping. The linearization of
the problem is established by the approximation with the firs t term of the
Taylor expansion:

A A el i Ci P& T
where dg,s denotes the observed data, €qs IS the error on the observed data

and g is the non -linear mapping of the model to the data space. The true

model, my,. has to be sufficiently close to some arbitrary reference model,

m ¢, for the linear approximation to be valid. G is the Jacobian and contains

all partial derivatives of the m apping. The covariance matrix for the
observation errors is  C,ps , Which we assume to be a diagonal matrix. In short,

equation 1.24 is expressed by:

‘i 1A A P& L

The constraints are connected to the true model as:

)i 10 A P& ©

where e, is the error on the constraints with 0 as expected value and R is the
roughening matri x, cihdsaai hongt hés candtrained

and O in all other places. The variance, or strength of the constraints, is
described in the covariance matrix Ck.

Combining equations 1.25 and 1.26, the inversion problem can be written:

' . ]A A
The covariance matrix for the joint obs ervation error becomes:
# T
# T # pg Y

if any a -priori information on model parameters, allowing to reduce the
ambig uity on the inverse models, are available, they can be added, following
Jackson (1979), as an extra row ( M pior ) tO the system 1.27 and the a - priori

model variance (C pior ) is described in covariance matrix.
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In a compact form, the equation 1.25 is rewritten as:
Il 1A A P& W
the model estimate is (Menke, 1984):

Vi o o# A PR T
that minimizes the objective function:

1 LI]A# 1A P p

The algorithm inverts all the soundings simultaneously, considering all the
data and the lateral constraints. A common objective function is thus
minimized. The output model, including all the 1D soundings, is balanced

between the constraints, the p hysics and the data.

1.5.4  Spatially Constrained Inversion (SCI)

In LCI algorithm, the connections between the soundings are established along

the flight lines, providing inverse models that are profile oriented. The spatial

maps produced, following this approach, result in some lineation in the
direction of flight. Between the soundings of two adjacent lines no connections

is created. This involves that any features perpendicular to the flight lines
benefits only partially from inline constraints as no in formation on model
parameters is passed line to line. Spatially Constrained Inversion, or SCI,
described in Viezzoli et al., (2008), overcomes th ese limitations, extending the
idea of constraints not only along the lines, but also across the lines. SCI is

similar the quasi -3D layered inversion methodology proposed by Brodie and
Sambridge (2006), with their algorithm specially designed for helicopter
survey electromagnetic TEM data and allowing for the inversion of large data

sets.

The mathematical formulation of SCI algorithm is similar to LCI. It consists in

a least -squares inversion of 1D earth, regularized with spatial constraints,
producing smooth lateral transitions. The forward 1D calculation is based on

the solutions of Ward and Hohmann (1988). The system geometry is
accurately modeled including frame geometry, frame position (altitude, angle),
accurate shape of the transmitted current waveform, timing, bandwidths of

the receiver system and low  -pass filter.
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The main difference between SCI and LCI is in the elements of the R matrix.
| n LClI case, t his matri x ddrst afi mrs tomd y ¢ drosst
parameters of adjacent soundings along the lines. In SCI case, each sounding

is connected to more than one sounding along and across the lines. Each row

of the R matrix, related to an individual sounding, contains many -16s as the
number of connections for this sounding, while its entry in the R matrix is the
absolute value summation of all the -16s. Thi s s Rrmmatdxteosures o f

the connection between the soundings. The connection between the soundings

is the first step in SCI algorithm and it is performed through the Delaunay
triangulation (A urenhammer, 1991). There are number of different algorithms

for calculating the Delaunay triangulation, SCI uses the Quickhull algorithm
described in Barber et al. (1996). The number of connections to each sounding
depends on the data density and distribut ion, so there are small and
numerous connections in high  -density areas while in low -density area, they
are large and few. The constraints are set between the soundings connected

by Delaunay triangles. This ensures a continuum interconnection between the

soundings and allows the migration of the information in the model space.

1.5.5 Depth of investigation for 1D (EM -DC) model

For the diffusive method, such as Airborne EM, there is no specific depth limit

for information on the resistivity structures of the ground

It is thus of great importance to establish to what depth the model can be
considered reliable. Any method for the determination of the depth of
investigation (DOI) needs to assign a depth limit for the information. In most

cases this value is relative and might be, for example, 5% of total sensitivity,
being the sensitivity defined by the Jacobian matrix.

The simplest formula to calculate DOI is based on the diffusion depth of a
planar wave in a full -space with conductivity d. In this case, the diffusion
depth, for time domain method, is related to the time t of last gate and to the
conductivity (Ward and Hohmann, 1988). Various other approaches for
calculating DOI have been developed over the years. Some methods are based

on empirical formulas or tables based on model studies or thin sheet
calculations (Banerjee and Pal, 1986; Huang, 2005; Szalai et al., 2009). These

methods are fast and simple, but their limitations reside in the assumptions on
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which are f or mul &toasdlerthe dysteyn gabmatry) the noise on

the data, the actual number of data points, and the model is usually a half -
space.

Christiansen and Auken (2012) proposed a method, valid for any 1D EM and
DC geophysical models, based on a recalculated Jacobia n matrix of the final
1D model. The Jacobian is used to calculate the cumulated sensitivity from

which the DOI can be deduced, by defining an absolute global threshold value
that indicates the minimum amount of sensitivity needed for indicative
information . It resembles the approach of Oldenburg and Li (1999) in the use

of the full system transfer function and system geometry, the entire data set,

and the data noise handling. Contrarily to their approach, the constraints are

not included in the DOI calculat ion; only the portion of the Jacobian regarding
observed data is included in the DOI calculations. The obtained value is a
measure of the capability of the measured data, with their associated errors,

to resolve the model, without considering the model par ts defined by

constraints and a - priori information.

1.6  Optimized sampling of AEM transients

In my work, | have investigated the Airborne TEM gating schemes. Basically

the idea is that it might be advantageous to change the transients' gating

across the surv ey, depending on different issues that affect the signal. This
would be possible for those AEM systems with digital receivers  recording the
full decay at high sampling rate.

The material presented in this section was included in a recently published

scien tific paper (Di Massa et al., 2016).

Focusing on the binning of the streamed transients, | demonstrated, using
synthetic models, how different sampling schemes can influence the results of

the inversion. My new sampling method consists in adapting the gating on the
base of the slope variations in the EM transient sampled at the highest
possible frequency. As the EM transient decay depends on the distribution of

the conductivity at depth in the sensitive area (footprint), there are some time

intervals in  the EM transient that contain more information on the subsurface
structures. M y idea has been to extract this information from measured data

with an optimized sampling, in order to get more accurate inverse models.
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On a related note, another reason for no t applying the same log -gating
throughout a given AEM survey is given by the fact that the overall S/N ratio

might, and usually does, vary across the survey area. Reasons vary from the
presence of noisier background areas (natural or man -made activities) t o
varying geology (varying secondary signal), to varying AEM system altitude

(e.g., higher flying height due to forested areas). It would be worth
considering customized gating for each one of these areas, based on the local

S/N conditions, with the aim of using best the gates. For example, in places
where the signal drops into noise early in the transient, it would be beneficial

to move most of the gates above the noise level (albeit narrowing them).

Time -domain airborne electromagnetic data are regularly acquired over wide
areas for various applications such as groundwater, environmental and mining
exploration (e.g. Fitterman, 1987; Auken et al.,, 2003; Reid and Viezzoli,

2007; Viezzoli et al., 2010; Podgorsky et al., 2013) . The modeling of these
data is o ften aimed at obtaining a quantitative estimate of the 3D spatial
distribution of the conductivity of the earth, through an inversion process. The

obtained model may be used for further geological or hydrogeological
interpretations.

The EM secondary field is measured as a function of time using an induction

coil. Its decay is measured as average response over time windows of finite

width (gates).

The width of the gates is a crucial factor in the acquisition of electromagnetic

data. In fact, it controls two signal features strongly influencing the inversion
results: the data signal to noise (S/N) ratio and the capacity of resolving the

structure in the subsurface (resolution).

In general, the S/N ratio increases with the gates width in contrast the
resolution capability is better for smaller gates that provide more details on
specific parts of EM decay and will be necessarily noisier than larger gates
(Nabighian and Macnae, 1991). A correct sampling must take into account the

trade -off between these two compon ents.

The fAgatingo, i . @an.time of theesecendamyffi¢ld, n g is often chosen
following a standard approach, using the same number of gates per time

decade with a logarithmic increase of the width with time in order to improve

SIN ratio (log -gatin g) (Munkholm and Auken, 1996).
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The log -gating has two main benefits: improving the S/N ratio at late times,
when the electromagnetic signal has amplitudes equal or lower than the
natural background noise, and at same time ensuring a good resolution at the
early times.

Nowadays, thanks to technological advancements and recent developments in
mass storage capacity, new airborne systems are able, to measure and record
the secondary field at high sampling rate, yielding a virtually continuous
stream of data.  As the processing of small width gates, affected significantly
by noise, can be difficult and the inversion of large amount of gates is very
time consuming, an average of measurements (binning) over windows of finite
width is necessary.

Customers will comm only only see the processed data after filtering, binning
and stacking of the full stream data which is normally done in real time.

Having recorded the fully streamed data, data can be reprocessed post flight

to improve spherics and power line noise rejec tion that are often only

smoothed out in the standard processing phase. At same time it is possible to
define different gating schemes in the binning phase, adapting the gat es width
across the transient. This means that, instead of defining a priori the ty pe of

gating (such as log -gating) and the characteristics of the gating of the
different channels (center times, width), it may be advantageous to define a -
priori only the maximum number of channels to use, and place them

adaptively across the transient.

As shown in the equation 1.13 in Section 1.2.1, the time variation of the
secondary magnetic field, measured as db/dt at an induction receiver coil,
exhibits, at late times, a decay proportional to t2 in a log -log plot for a
homogeneous half -space (Christiansen et al., 2009).

te 0, - -

To cnt B PP o
where M is the magne tic moment of the transmitter (Am %), G is the
conductivity (S/m) and 1o is the magnetic permeability of the free -space
(H/m).

At the interface of two layers with different conductivity, the value of the
secondary field changes according to the variation o f the conductivity as

shown in equation 1.13. This means that for a horizontally layered model, the
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transient decay, T®j? pshows a slope variation in correspondence of the
transition between two layers with different conductivity.

Figure 1.2 (from Christiansen et al., 2009) shows the EM transient for a
homogeneous half -space with varying resistivities. The response of a two -
layers earth having a resistivity of 100 nmin layer 1 and 10 nm in layer 2,
and with the thickness of layer 1 of 40 m, is also shown.

The slope variations are related to the conductivity contrast between two

electro -layers.
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Figure 1. 2: Transient responses for a homogeneous half -space with varying resistivities and for

alayered half -space (adapted from Christiansen et al., 2009).

The conductivity controls also the diffusion speed of the current in the ground:

O ¢nhnhkP ! D ¢
where G and 1 are the conductivity (S/m) and the relative magnetic
permeability (H/m) of the medium and t is the time (s).

The diffusion speed decreases when going through conductive layers.
Equations 1.13 and 1.32 explain why the TDEM method is highly sensitive to
conductivity layers (Telford et al., 1990).

The analysis of noise -free data produced by simple two -layer models and

calculated from the solution of 1D forward model (Ward and Hohmann, 1988)
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shows that the transition from a conductive layer to a resistive one
corresponds to a minimum in the second time derivative of the transient. On

the contrary, the transition from a resistive layer to a conductive one shows a
maximum of curvature. In figure 1.3a the EM transient (blue curve) and the

curvature (green curve) for two -layer earth with 50 nmin layer 1 and 10 nm
in layer 2, with the thickness of layer 1 of 50 m, are shown. In figure 1.3b, |

plotted the same quantities when the conductive layer is the shallowest.
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Figure 1. 3: EM transient (blue curve) and its curvature (green curve) for two -layers model earth
with a resistive laye  r of 50 n m and a conductive one of 10 n m, the thickness of shallowest layer
being 50 m. (a) The resistive layer is the shallowest. (b) The conductive is the shallowest.
It is clear that in order to obtain correct models a good sampling of the EM
transient is needed. | demonstrate the previous statement by illustrating how
changes the inversion result when EM transient is undersampled in various
ways (figure 1.4). In these tests, | used noise -free data, calculated from the
solution of the 1D forward problem (Ward and Hohmann, 1988) for a four
layer model. | used 21 gates in log -gating configuration and inverted the data
using Aarhusinv inversion code that offers support for a layered model

inversion, inverting for a limited number of layers (Kirkegaard and Auken,

2015), removing a group of three adjacent gates. The starting model is a
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layered half -space with a resistivity of 90 nm. Being noise -free data, the
inversion should  (or rather could, depending on the sampling scheme) recover

a useful model.
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Figure 1. 4: (a) The EM transient (blue curve) sampled with 21 gates in log -gating configuration
and its curvature (green curve). (b) The inverse models, obtained by removing different groups
of three adjacent gat es, are compared with the true
obtained using all the available gates (AALLO col umn) .
The analysis of the results illustrated in figure 1.4 shows that removing the

information carried by even a small number of data (gates) causes a loss of
resolution, with inaccuracies on both conductivity and thickness in the
computed inverse models. However, the worst models are obtained when the
removed gates ar e in correspondence with the maxima and the minima of

curvature that, as shown in figure 1.3, mark the transition between two
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layers. In fact, from the curvature of the EM transient in figure 1.4a , | note
the presence of two minima in the first and the third decade and one
maximum in the second decade. Undersampling the transient in
correspondence of the minimum of the first decade does not affect the
inversion results more than removing other gates of this decade. However, by
removing the gates that are in correspondence with the maximum and the

minimum of curvature in the second and third decade (from 11th to 17th), the

recovered models are less accurate in the definition of the thickness and

resis tivity of the electro -layers. This confirms that there are some time -
intervals in the EM transient decay that contain more information on the
structures in the subsurface.

Basing on this study, | proposed a new approach to sample the EM transient

thatlc al | fiadgaapttiinvgo .

My method simply consists in a more detailed sampling of the time intervals at

which the electromagnetic response shows the greater sensitivity to the
changes of resistivity of the subsurface. The second derivative of the EM
transien tis the base for my adaptive -gating.

| extensively tested my adaptive -gating procedure for the maxima and for the
minima of curvature arising from four -layer models. | noticed that the most
correct inversion results are those obtained adapting the gating only for
maxima of curvature.

This is hardly surprising, as it is in this case that the EM methods have most
resolution power, as opposed to a transition towards higher resistivities. |
conclude that the crucial parts of the transient that require customiz ed gating
are those in correspondence to the maxima of curvature, which marks the
transition from a resistive layer to a conductive one. According to this
strategy, the gate -width at the maximum of curvature is reduced, while |
progressively increase the w  idths of the gates at the sides of the identified
maximum.

This scheme should guarantee a better resolution for the most informative

part of the signal that, according to the velocity propagation and the density of

the currents, is in correspondence of the conductive layers.

To demonstrate the benefits of such a sampling scheme of the EM transient, |

present now a series of tests on synthetic data where | compare the inversion
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models obtained with the ficlassical 0 log-gating and my adaptive -gating

approaches .
To perform these tests, | have:
1 simulated a continuous acquisition of the EM transient decay. The

parameters of the electromagnetic airborne system are listed in table

1.1;
Secondary field dB/dt (V/m ?), vertical component Z
Flying height 30m
Magnetic moment 160000 Am ?

On-time 7000 ps, trapezoidal waveform
Off-time 13000 ps
Ramp -on 4000 ps
Ramp - off 100 ps

Low pass filter 100 kHz

Table 1. 1: Parameters of the electromagnetic airborne system used in the simulation.

i defined a 1D model of electro -layers, defined by thicknesses and

conductivities;

1 added a noise to the data based on the model by Munkholm and Auken
(1996);

1 applied a denoising filter through the Discrete Wavelet Transform (DWT;
Fedi and Quarta, 1998);

1 computed the s econd derivatives of the EM transient to identify the

most sensitive time intervals;

1 sampled the continuous acquisition data using both log -gating and

adaptive -gating schemes;

T inverted the two data sets and compared the results.
| simulated a continuous acquisition by using 147 gates having a width
increasing logarithmically in the range between 10 and 10 ?s.
Then, the solution of the 1D forward problem was computed (Ward and
Hohmann, 1988) for each considered model.
The forward response was perturbe d with a random noise. | used the model
noise proposed by Munkholm and Auken (1996). Following this approach, the
noise is approximated to a straight line with slope equal to -1/2 in a log

plot, with a value of 3 nV/m 2 at1ms.
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The second derivative i s computed in the time domain by simple finite
differences relations.

Then, to find the most sensitive time intervals needed to implement the
sampling with my adaptive -gating scheme, the maxima of the curvature of the

EM transient were investigated. Howeve r, the noise on the data prevents the
reliable identification of these time intervals. Thus, data must be first
denoised. Among various techniques, | chose to low -pass filter using the
Discrete Wavelet Transform (DWT,; Fedi and Quarta, 1998). In the wavelet
domain, the scales may be associated with the frequency: small scales are in
connection with high  -frequency components of the signal and large scales with
those at low frequency. Thanks to the characteristics of the DWT to provide a

time -scale approximati on of the analyzed signal, it is possible t o perform a
localized denoising that is filtering certain frequencies only at some times
leaving intact the rest of the signal.

Figure 1.5 shows the effect of the DWT on one of the transients (figure 1.5a).

The DW T filtering includes a multiresolution analysis of the signal (figure

1.5b). In this case the EM transient is decomposed in 7 detai Is at different
scale and a low -resolution approximation of the signal (black line on the upper

part of the multiresolution g raph, figure 1.5b).
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Figure 1. 5: DWT filtering on EM transient. (a) Original EM transient. (b) Multiresolution of the
original data. (c) Filtered EM transient. (d) Multiresolution of the filtered data. (e) Residual
filtering.
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The noise gives evidence on different scales, and especially on the scales with

number -4, -5, -6 and -7 and from 110th sample that represents the point

when the EM transient drops into the noise. To remove it , | setto zerot he
coefficients of the DWT corresponding to these scales (figure 1.5d), and the

filtered signal (figure 1.5c) was then reconstructed using the details from -1to
-3. The residual signal (figure 1.5e) shows that the filtering acts for the entire

transient a nd especially where the effects of noise become dominant on the
secondary field.

After the filtering of the EM transient, | identified the most sensitive time

intervals and | sampled the data of the continuous acquisition using 21 gates

by both the adaptiv  e-gating and log -gating schemes.

The last step was the 1D inversion with Aarhusinv inversion code (Kirkegaard

and Auken, 201 5) of these data and the comparison of the resulting models.

| first tested my approach on synthetic TDEM data obtained from two different
individual four -layer models. The first four -layer model has a third conductive
layer between two resistive layers (figure 1.6a).

The second four -layer model has a third resistive layer between two

conductive layers (figure 1.6b).
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Figure 1. 6: (a) Four -layer model with a third conductive layer between two resistive layers; (b)
four -layer model with a third resistive layer between two conductive layers.

Then | moved to a more complex structure that c ould be representative of a
buried valley model.

The buried valley model consists in a series of 52 four -layer models, with a
thickness variation of the second resistive layer (figure 1.13a).

Below | will show all the steps of the application of my approac h for the two
four -layer models. The same steps were followed also for every sounding of

the buried valley model, even if | will show only the final results.
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First, | calculated the forward response for the considered model using 147
logarithmically spaced gates in time interval between 10  and 10 ? s. The
center time of the first gate is 1.2 x10 ° s and the center time of the last gate

is 9.8x10 3 s. The data were perturbed with a random noise and | calculated

the curvature of the EM transient (figure 1.7)
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Figure 1. 7: (a) EM transient (blue curve) and its curvature (green curve) for the first four -layer

model earth; (b) EM transient (blue curve) and its curvature (green curve) for the second four -
layer model earth.

The noise in the data is strongly enhanced in the second derivative of the EM
transient and makes it impossible any reliable identification of the most

representative maxima of the curvature. A denoising filter is then applied to
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emphasize those time inter  vals at which reduce or enlarge the gate widths
following the adaptive  -gating scheme. The DWT proved to be a suitable low -
pass filtering technique. As | am dealing with synthetic data, | could compare

the filtering results with those achieved with noise -free data and | verified that

the positions in time of the maxima of curvature in the filtered data were the

same of noise -free data (figure 1.8).
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Figure 1. 8: Comparison, for the first and the second four -layer model earth, between the
identified maxima of curvature for free -noise data (a and b) and filtered data through DWT (c
and d).

| computed the second derivative of the filtered EM transient and could easily

identify the time intervals correspondi ng to the maxima (figure 1.9), marking
the transition from data mostly influenced by the upper resistive layer to those

mostly influenced by the below conductive one. The identification of the
maxima was performed by considering only those having a great a mplitude (at
3x10 * s in figure 1.9a; at 3x10  ° and at 3x10 * s in figure 1.9b) and
discarding minor oscillations of the second derivative (at 6.7x10 s in figure
1.9a;at7.7x10 " sand 7x10 " s in figure 1.9b). Moreover, | excluded maxima

at the late ti mes, when the S/N ratio is evidently low.
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Then | sampled the data according to the adaptive -gating and log -gating
schemes, by defining the center and the width of 21 gates. The adaptive
di f f ectassical 0 Idg rgatimy sthknee infthat |

gatinga ppr oach was

sampled the EM transient by reducing the gate -width at the time
corresponding to the maximum of the curvature, with a progressive increase
of the gates widths at the sides of the identified maximum.
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Figure 1. 9: (a) EM filtered transient (blue curve) and its curvature (green curve) for the first

four -layer model earth; (b) EM filtered transient (blue curve) and its curvature (green curve) for

the second four -layer model earth. The dashed ¢ ircles mark the maxima of curvature. The lower

and the upper colored bars indicate the width of the gates for log -gating and adaptive -gating

schemes, respectively. The colors correspond to the gate -width.

44



Chapter 1¢ Time Domain Electromagnetic Method, airborne EM systems and sampling
optimization of AEM transients

The upper colored bar in figure 1.9 shows the gate widths determined by my
adaptive -gating scheme while the lower bar shows those defined in the log -
gating scheme. The colors correspond to the gate -width. My adaptive scheme
departs from the previous log -gating only near the maxima of the transient
curvatur e. The gate -width is smaller with respect to the log -gating scheme in
correspondence to blue or light -blue colors, while is slightly greater at their

sides (red bars in figure 1.9).

In my cases, this implies a decrease of the 20 -30% of the gate widths at the

maximum of curvature, compared with those in log -gating scheme. These
values may vary depending on some dataset characteristics (e.g., sampling
rate, etc.), but | expect that the optimum value should not depart significantly

from this figure.

The data sampled with both the adaptive -gating and log -gating schemes were
inverted with Aarhusinv inversion code (Kirkegaard and Auken, 201 5).
The results of individual inversions depend significantly on the random n oise

present in the data and this can overprint the effect of the type of sampling

used, preventing us from getting a unique conclusion on the validity of my

new approach to sampling the EM transient.

To overcome this problem | decided to conduct my study with a probabilistic
approach. | carried out 1000 inversions with adaptive -gating configuration and
1000 inversions with log -gating configuration, considering 1000 different
random noise realizations.

In this way, my results are independent from a specific random noise, but
depend only on the gating scheme that | used.

The figure 1.10 synthesizes all the steps that | conducted for the considered

four -layer models.
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Figure 1. 10: All the steps of my workflow to make comparison between adaptive -gating and log
gating.

From the 1000 inversion models for both sampling schemes, | calculated an

average inverse model and compared the results with the true models. The

results for the two four  -layers models a re shown in figures 1.11 and 1.12,
where the true model (blue curve), the average model (black curve) and the

1000 inverse models (red curves) are plotted in the depth/resistivity space.

As it can clearly see from figure 1.11, the adaptive gating, detailin g the
sampling at the maximum of the curvature (figure 1.9a), allows the inversion

to recover more accurate information on the resistivity and the thickness of

the third layer, with respect to the log -gating.
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Figure 1. 11: True model (blue curve), average model (black curve), 1000 inverse models (red
curves) for the first four -layer model obtained with adaptive -gating (a) and log -gating (b)
schemes.
The results are similar also for the second fou r-layer model. In this case, the

second derivative showed two maxima of curvature (figure 1.9b), marking the
transition, respectively, between the first and the second layer, and the third

and the fourth layer (figure 1.12).
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Figure 1.12: True model (blue curve), average model (black curve), 1000 inverse models (red

curves) for the second four  -layer model obtained with adaptive -gating (a) and log -gating (b)
schemes.
A closer inspection of the scattering of the individual models also reveals that

the adaptive -gating provides, in general, more precise results (i.e., closer to
true model, smaller dispersion and standard deviation) across all layers. In

fact, based on the 1000 inversion models, for both four -layer models, | also
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udy on the precision of the model parameters recovered. In

particular, | calculated the standard deviation, as percentage, associated with

the resistivities and the thicknesses of the average models. The results are

listed in table 1.2:

First four -layer model Second four - layer model
Adaptive - Gating Log -gating Adaptive - Gating Log -gating
Resistivity Thickness Resistivity Thickness Resistivity Thickness Resistivity Thickness

(%) (%) (%) (%) (%) (%) (%) (%)
1° layer 1 6 1 7 1 5 1 5
2° layer 11 8 48 11 25 17 28 18
3° layer 28 15 40 30 78 8 90 9
4° layer 93 122 36 38

Table 1. 2: Standard deviation as percentage of the value of the model parameters obtained with

adaptive -gating and log

-gating schemes for both

As you can see, the parameters obtained using the adaptive

are more precise than those in log

-gating scheme.

four -layer models used in this simulation.

-gating scheme

The next experiment is related to a simulation of field data from a buried

valley structu

re. All the steps in the previous section were independently

applied for each of the 52 soundings in this simulation. That is, the time of the

gates varies across the 2D model. For each sounding, | calculated an average

model from the 1000 inversions

in bo

th adaptive -gating and log

scheme. The plotted results refer to the 52 average models obtained with the

two tested sampling schemes (figure 1.13). The adaptive

recover with more accuracy the geometry of the buried valley (figure

-gating

-gating allowed us to

The thicknesses of the second and the third layer are better defined than in

the log -gating case, especially when the depth of the third layer is greater

than 120 m. At the sides of the section, where the third conductive layer is

located at shall

ow depth, both configurations give correct results and its

geometry is correctly retrieved. Conversely, when the depth to the third layer

increases, the classical log

errors on both resistivity and thickn

1.13b).

-gating of the EM transient can lead to considerable

ess of the third layer (figure 1.13d). For

each average model, | calculated also the data residual defined as (Auken and

Christiansen, 2004): from the figure 1.13c and 1.13e it can see that the

values are similar for both gating schemes and every model fit

within the noise level.
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Figure 1. 13: (a) True buried valley model. Buried valley model obtained with adaptive -gating
(b) and log -gating (d) schemes. Data residual for each average model using adaptive -gating (c)

and log -gating (e) configuration.
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optimization of AEM transients

Based on the 1000 performed inversions | also carried out a study on the
precision of the model parameters recovered. In particular, | calculated the
standard deviation associated with the resistivity (figure 1.14) and the
thickness (figure 1.15) of average models.

In general, the standard deviation of the resistivity decreases in the central

soundings, while for the same sounding the standard deviation of the

thickness increases. However, for both parameters, the standard deviation is
lower for the models obtained by using the adaptive -gating scheme.
In conclusion, by sampling the EM transient with the adaptive -gating scheme |

obtain inverse models that are more accurate (figure 1.13), more precise
(figures 1.14 and 1.15) than standard sampling scheme. These results yield
overall more reliable information on the resistivity structures of the

subsurface.
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1000
200

1000 1500 2000 2500 3000 3500 4000 4500 5000
Distance (m)

Depth (m)

LOG-GATING STD Resistivity (Q.m)

| IIIII IIII||||II
100

—~
O
~

Depth (m)

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Distance (m)

Figure 1.14 : Standard deviation associated with the resistivity of the average inverse models for
adaptive -gating (a) and log -gating (b) schemes.
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Figure 1.15 : Standard deviation associated with the thickness of the average inverse models for

adaptive -gating (a) and log -gating (b) schemes

From the shown examples, it is evident that the adaptive -gating technique
allows to accurately solve the geometry of the subsurface structures.
Considering the example of a buried 2D valley, the depth and the thickness of

the electro -layers are better determined by this technique than by standard
methods. Although this structure can be considered a rather common one in
hydrogeological applications, | expect good results also in the case of
structures typical of other areas of exploration (e.g.: oiltrap structures).

The results show n were obtained by considering the changes of slope in
transient electromagnetic related to resistivity contrasts between the layers in

the subsurface and defining a detailed sampling in correspondence of the
maximum of curvature which marks the transition between resistive layers to
conductive layers. However, similar variations of shape, and then variation of

slope, within an electromagnetic transient, may also be due to other effects,

not taken into account in this study, such as the effects of the low -pass filter
at the receivers or the presence of highly polarizable bodies that can lead to

induced polarization phenomena. It is expected that applying the adaptive

gating also to these effects would be beneficial to a more accurate sampling
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and modeling o f these effects. This in turn will provide better recovery of the
resistivity distribution in the subsurface.

| do however realize that in real AEM data, some post -processing filtering
procedures are often applied to the acquired data (e.g., leveling or b ias
removal). Such procedures usually require constant sampling scheme of the
transients, and are therefore probably unsuitable for completely unconstrained

adaptive gating. This may imply that the right compromise might be found in

slowly varying adaptive gate times.
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CHAPTER 2 T Magnetic Method and Inversion of
vertical magnetic soundings

2.1  Magnetic Field

Within the vicinity of a bar magnet, the iron filings is arranged in directions

which represent the lines of force of the magnet. If the bar magnet is freely -

suspended, it aligns in the flux of the Eart
magnet, which tends to point in the d irection of the Earthos no
the north -seeking or positive pole, and this is balanced by a south -seeking, or

negative pole, of identical strength at the opposite end of the magnet (Kearey
et al, 2002).
The magnets consist in 2 poles. The fo rce F between two magnetic poles of

strengths P; and P, separated by a distance  r is given by:

V)

ok

0

i P
where T, ( 410 ~* Henry/m) is the magnetic permeability of the vacuum and

T r (dimensionless) corresponds to the relative magnetic permeability of the

medium separating the poles. For air and water 1 r is close to unity.

The force is attractive if the poles are of different sign and repulsive if they are

of same sign.

The magnetic field H due to a pole of strength P at a distance r from the pole

is defined as the force exerted on a unit positive pole at that point:

0

© ™ <&

Magnetic fields can be defined in terms of magnetic potentials in a similar
manner to gravitational fields. For a single pole of strength P, the magnetic

potential V atadistance r fromthe p ole is given by:

¢ 5

V)

© T &

The magnetic field component in any direction is then given by the partial

derivative of the potential in that direction. The magnetic potential obeys
Laplacebs equation, which states that t he su

54



Chapter 2; Magnetic Method andnversion of vertical magnetic soundings

field gradient in three orthogonal directions is zero (Kearey et al, 2002). In
Cartesiancoordin at es, Laplacebs equation i s:

T % 1 %o T %o

o 7o Ta <8
where %orefers to a gravitational or magnetic field and is a function of (x, y, z).
Magnetic field can also be defined in terms of a force field which is produced

by electric currents. This magnetizing field strength H is defined as being the
field strength at the center of a loop of wire of radius r through whic h a
current | is flowing such that  H=1l/2r and it is expressed in A/m (Kearey et al,
2002).

The density of the magnetic flux, measured over an area perpendicular to the

direction of flow, is known as the magnetic induction ( B) of the coil. The
magnetic induction ( B) is related to magnetic field ( H) through the magnetic

permeability (T o):

6 <0 c®
The unit of measure of B is the tesla (T). However, the tesla is a too large as a

unit to express the small magnetic anomalies caused by rocks. For this reason,

usually it is used a subunit, the nanoTesla (nT, 1 nT=10 ).

A material placed in a magnetic field acquires an induced magnetization in the
direction of the field that is lost when the material is removed from the field.

The induced intensity of magnetization is proportional to the strength of the
magnetizing force  H of the inducing field:

v O CH
The proportionality constant k is called the magnetic susceptibility (Blakely,
1996).

Susceptibility is in essence a measure of how susceptible a material is to
becoming magnetized (Reynolds, 1997) and is dimensionless.

The induced magnetization produces in turn an induced field that is
proportional to  J. This means that in a magnetic body the total magnetic
induction B is given by:

6 ‘0 ‘0 ¥
And replacing J; with the equation (2.6)

6 ‘0 Q0 p QO 0 ey
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where ‘' ‘' is the magnetic permeability of the medium and has the same
dimensions as 1 o.

The relationship between J and H is not necessarily linear as implied by
equation (2.6);  k may vary with field intensity, may be negative, and may be

represented more accurately in some materials as a tensor.

2.2 Magnetism of rocks and minerals

Substances can be divided on the basis of their behavior when placed in an
external field (Kearey et al, 2002).

In diamagnetic materials all electron shells are full and no unpaired electrons

exist. When placed in a magnetic field, the orbital paths of the electrons rotate

S0 as to produce a magnetic f ield in opposition to the applied field.

Consequently, the susceptibility of diamagnetic substances is weak and
negative. The most common diamagnetic earth materials are graphite, marble,

quartz and salt.

In paramagnetic substances the electron shells are incomplete so that a
magnetic field results from the spin of their unpaired electrons. When placed

in an external magnetic field, the dipoles corresponding to the unpaired
electron spins rotate to produce a field in the same sense as the applied field

so t hat the susceptibility is positive. This is still, however, a relatively weak

effect.

In small grains of certain paramagnetic substances whose atoms contain
several unpaired electrons, the dipoles associated with the spins of the
unpaired electrons are mag netically coupled between adjacent atoms. This
phenomenon creates the magnetic domains . Depending on the degree of
overlap of the electron orbits, this coupling may be either parallel or
antiparallel.

In ferromagnetic materials the dipoles are parallel, g iving rise to a very strong
spontaneous magnetization which can exist even in the absence of an external
magnetic field, and a very high susceptibility. Ferromagnetic substances
include iron, cobal't and nickel, and rshrely o
In antiferromagnetic materials such as hematite , the dipole coupling is

antiparallel with equal numbers of dipoles in each direction. The magnetic
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fields of the dipoles cancel each other, so that there is no external magnetic
effect.

In ferrimagnetic materials, the dipole coupling is similarly antiparallel, but the
strength of dipoles in each direction are unequal. Consequently ferrimagnetic

materials can exhibit a strong spontaneous magnetization and a high

susceptibility. Examples of the ferrimagnetic substances are magnetite,
titanomagnetite, pyrrhotite, oxides of iron and of iron and titanium (Telford et
al., 1990).

The strength of the magnetization of ferromagnetic and ferrimagnetic
substances decreases with temperature and disappears at the Curie
temperature (500 -600° C) . Above this temperature interatomic distances are
increased to separations , which preclude electron coupling, and the material
behaves as an ordinary paramagnetic substance.

The magnetization of rocks depends on the present geomagnetic field and the

magnetic mineral content. This is the induced magnetization that | have

defined in equation (2.6), and has the same direction of the applied field H. If
this field is removed the ind uced magnetization falls to zero. However,
ferromagnetic materials have the ability to retain a magnetization even in the

absence of external magnetic fields.

This permanent magnetization is called remanent magnetization, which |
denote here by J.. In cru stal materials, remanent magnetization is a function

not only of the atomic, crystallographic, and chemical make -up of the rocks,
but also of their geologic, tectonic, and thermal history. In geophysical

studies, it is customary to consider the total magne tization J of a rock as the
vector sum of its induced and remanent magnetizations, that is:

O 0 0 QO0U &0
These may be oriented in different direction and may differ significantly in
magnitude. The magnetic effects of a rock arise from the resultant J of the two
magnetization vectors. Magnetic anomalies caused by rocks are localized

effects superimposed on the norm al magnetic field of the Earth. Consequently,
knowledge of the behavior of the magnetic field is necessary in the

interpretation of the resulting anomalies.
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2.3 The geomagnetic field and the magnetic
anomalies

On the Earthds surface a fcrneedld assurmeu s @ positidne d
that indicates the direction of the geomagnetic total field B at that point. This
direction may be described by two angles: an horizontal angle, named
Declination ( D), between the geographic and the magnetic north; a vertical

angle, named Inclination ( 1), that represent the dip of B. The strength of B
varies from about 25000 nT in equatorial areas to about 70000 nT at the poles

(Kearey et al, 2002).

The strength of B is measured through the total -field magnetometers that are

th e instruments used in airborne magnetic survey.

The total field T is given by:

"Y "0 YO P T
where F is the geomagnetic field and g F represents the perturbation of F due
to some crustal magnetic source.

The total -field anomaly is calculated from total -field measurements by
subtracting the magnitude of a suitable regional field, usually the IGRF model
appropriate for the date of the survey. If T represents the total field at any
point, and F is the regional field at the same poin t, then the total -field
anomaly is given by (Blakely, 1996):

Yy §% $& P p
If $S&I ¥'G the total field §T can be con sidered as the component of the
anomalous field §gF in the direction of F and thus it can be considered a
harmonic function (e.g., Blakely, 1996). This condition is verified in crustal

magnetic studies presented in this work where the magnetic anomalies are

one or two orders of magnitude smaller than the value of the total field and

have local variations of several hundred nT (sometimes several thousand nT).

The interpretation of the magnetic anomalies is more complex than the gravity

case. The dipolar natur e of the magnetic phenomenon, in fact, implies that the
anomaly of finite body consists in a positive and a negative part. Moreover,

the geomagnetic field varies not only in amplitude, but also in direction, so

that the direction of magnetization controls the shape of magnetic anomaly.
Usually, during the processing of the magnetic anomaly map, an operation of

conversion of the shape of anomalies into their equivalent form at the north
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magnetic pole is applied. At the north magnetic pole, where the inclinat ion of

the total field is vertical, the shape of the magnetic anomaly is axisymmetric.
This operation, known as reduction to pole (Baranov & Naudy, 1964),
simplifies the total field maps. However, it must be considered that when
remanent magnetization is p resent and for magnetic anomalies at low latitude,
the reduction to the pole cannot be safely used as a mean to produce the

desired simplification.

2.4  Analysis of potential fields

The measured magnetic field is a superposition of anomalies resulting from
mag netization changes at various depths. The horizontal extent and
smoothness of an anomaly is a measure of the depth of anomalous bodies.
The effects of shallow bodies are of short wavelength while for a deeper
source, the anomaly becomes more horizontally e xtended and its amplitude
decreases (Telford et al., 1990). In this section | describe some numerical
transformation used in the analysis of the potential fields that will be useful in
the inversion process of magnetic data shown afterwards: upward and
dow nward continuations, vertical and horizontal derivatives.

These analysis methods, dealing with the measured potential field data as the
sum of effect with different spatial extension, allow a separation of

contributions with a detailed analysis.

24.1 Upward an d downward continuation

The fact that the magnetic fields obey to Lap
the field over an arbitrary surface, if the field is known completely over
another surface and no masses are located between the two surfaces (Telford
et al ., 1990) . This process is called fAanal vyt

both continued upward and downward, yielding to a processed field with
different characteristics.

In the first case, as the continuation altitude is higher than the measured

altitude, high -frequency anomalies, associated to shallow sources, are
attenuated while  the anomalies of the deep seated sources are enhanced. The
upward continuation can be descri bed as a particular low -pass filter without

phase distortions.
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In space domain, the upward continuation is expressed as a convolution

integral between the measured field and a continuation function:

. . a a
o 2 "0, iy Y 0 - o ¢
c ®, © - 4 da
which derives from Green theorem (Baranov, 1976), where "Oahuftr is the

continued field at height ~ z and "O, -l is the measured field at height Znn.

In the frequency domain, for the convolution theorem, th e above convolution

is equivalent to the product between the Fourier transforms of the measured

field and that of the continuation function, called continuation filter:

oY OY06 R HéEOYQYss o
where F [ é ik the Fourier transform operator and k| is the module of the
frequencies:

S& 0 U P T
(u and v are the spatial wavenumber in the two orthogonal horizontal

directions).

The downward continuation allows obtaining a representation of the field at an

altitude lower than the measured one. It may be used to try to separate
anomalies caused by adjacent structures whose effects overlap at the level of
observation. Using the down ward continuation, the high -frequency
contributions are greatly enhanced, but inevitably it will be amplified even the

high -frequency noise present in signal. Moreover, the downward continuation

is valid as long as the continuation altitude is greater than the minimum depth
of the causative sources of anomaly, in other words until you operate in the
harmonic region (Baranov, 1976). If the field is continued in the region
occupied by the sources the anomalies show extreme fluctuations.

In Fourier domain the downward continuation is expressed by:

oY "OY'0QE 0 E OE o QY e P v

2.4.2 Vertical derivative

The vertical derivative is used to enhance the high frequency components of
anomalies and to increase the signal resolution separating the effects of the

adjacent structures that interfere ad the level of observation. Enhancing the

high frequencies, the vertical derivative presents the limitation to amplify also

the high -frequency noise in the data.
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In Fourier domain, the vertical derivative operator for the potential field a(x,vy)
is given by:

rn %
Oy Saor B o
where F [ 0i$ the Fourier transform of the potential field a, |k| is the module
of frequencies, as in equation 2.14, and n is the derivation order.

2.4.3 Horizontal derivative

Also the horizontal derivatives may be calculated in the frequency domain.
However, they are most commonly calculated in the space domain by
approximating them with finite differences relations.

The derivative along the x  -direction is expressed by:

Yo Yo Qo

Qw a0 CP X

where dx is the measurement sampling step along the x direction.

The combination of the two horizontal derivatives in the module of the
horizontal gradient is used to define the horizontal positions of the
density/magnetization contrasts. Cordell and Grauch (1985) showed that the

maxima of the horizontal derivative of gravity or pseudogravity anomalies are

located above abrupt changes of density or magnetization . This technique,
coupled with an automated method to locate maxima (Blakely and Simpson

1986), proved to be an effective tool for the boundary analysis.

2.5 Interpretation of potential field anomalies

The interpretation of potential field anomalies is inherently ambiguous. The
ambiguity arises because any given anomaly could be caused by an infinite
number of possible sources. This ambiguity represents the inverse problem of
potential field interpretation, which states that, although the anomaly of a

given body may be calculated uniquely, there are an infinite number of bodies

that could give rise to any specified anomaly (Kearey et al, 2002).

The inverse problem is solved by determining a set of parameters that
describes the sources of the measured fiel d.

If the unknown parameters are the density or the magnetization, this type of
problem is linear and in most cases it is an indeterminate problem, since the

data are less than the number of unknown parameters.
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An important task in interpretation is to de crease this ambiguity by using all
available external constraints on the nature and shape of the anomalous
sources. Such constraints include geological information derived from surface
outcrops, boreholes and mines, and from other geophysical techniques.

With the inversion of the potential fields you would like to obtain satisfactory
information about the characteristics of the sources of interest, as the top and

the bottom of the structures that generate anomalies and estimates and
trends of density values (or intensity of magnetization, in the case of magnetic
fields) relating to them.

The scientific literature is extraordinarily rich in both 2D and 3D gravity and
magnetic data inversion algorithms.

All these methods provide density/magnetization distribu tions at depth having
certain properties.

Green (1975) searched for a density model that minimizes its weighted norm

to some reference model. Safon at al. (1977) used the method of linear

programming to compute moments of the density distribution. Fisher and
Howard (1980) solved a linear least -squares problem constrained for upper
and lower density bounds. Last and Kubik (1983) introduced a Acompact o

inversion minimizing the body volume. Guillen and Menichetti (1984) assumed

as a constraint the minimum mom entum of inertia. Barbosa and Silva (1994)
suggested allowing compactness along given directions using a priori
information. Li and Oldenburg (1996, 1998) introduced model weighting as a

function of depth using a subspace algorithm. Pilkington (1997) used
preconditioned Conjugate Gradients (CG) method to solve the system of linear
equations. Portniaguine and Zhdanov (1999, 2002) introduced regularized CG

method and focusing using a reweighted least squares algorithm with different

focusing functional. Li an  d Oldenburg (2003) use wavelet compression of the
kernel with logarithmic barrier and conjugate gradient iteration. Barbosa and
Silva (2006) proposed a 2D method to invert potential field data by a
procedure incorporating a priori knowledge. Wijns and Kowa lczyk (2007)
propose a semi -automatic procedure that allows defining solutions geologically
reasonable. Pilkington (2009) used data space inversion in Fourier domain.

Barnes and Barraud (2012) have developed instead an inversion algorithm to
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solve geometri cal interfaces between different geological bodies, through the

introduction of information concerning the depth and regularizing the solution.

However, there are no 1D algorithms, since the forward problem in this case

should be referred to horizontally i nfinite layers, which would produce a

constant field in space and, therefore, could not explain any gravity or

magnetic anomaly.

Fedi and Rapolla (1995) explored for the first time the possibility to perform

the inversion of "vertical gravity/magnetic soun di ngso, t hat is a 1D
method. The forward problem consisted in assuming a volume of layers of

different densities/magnetizations. The volume is however finite vertically and

horizontally, this last condition is necessary to avoid the above -mention ed
AiBoug-sémb effecto, which would make i mpossi:
anomalies. The vertical sounding is central with respect to the layers volume,

so yielding a 1D density/magnetization distribution at depth.

In this thesis, | will develop and use on real datasets a 1D inversion method

for magnetic fields based on the above Fedi and Rapolla (1995) paper. In the

following sections the method will be set up and then analyzed in detail before

of its application on real data, in Chapter 3 and 4.

2.5.1 The fo rward model of Vertical Magnetic Sounding

The basic idea is that the vertical density or magnetic distribution can be
deduced from the gravity or magnetic field known at different altitudes (Fedi

and Rapolla, 1995).

| start from the relation defining the magnetic field at a point P(Xx, Yk: Zk)

generated by a distribution of magnetization Jinavolume V.

6 0 _ rm‘p‘ i QU P Y
T 9 IS

where Lo is the magnetic permeability of the vacuum and

§ is oo AR a a P w
If the magnetization varies only along the vertical direction:
01 0a cq& T

and if consider ing a set of N magnetic data along a vertical direction (vertical

sounding) [P, €, Pew], then equation 2.18 becomes:
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66 o w—P— P yaaqo & p
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This equation describes the 1D forward problem of a continuous unknown
function J(z) linearly related to the measured magnetic data. Diversely from
1D electrical or seismic problems, the horizontal extension of the volume in
equation 2.21 is finite and ha S to be fixed before inverting. To set up this
parameter many methods can be used. For example, Fedi and Florio (2001)
shows a technique to estimate with high resolution the source volume
horizontal dimensions based on the computation of the module of the
horizontal derivative of a summation the vertical derivatives of various order

of the field data.

If we assume a discrete number M of homogeneously magnetized layers, |

have:

60 0’0 O & ¢

where:

05 - wm—P oy & 0
T i

is the unit -magnetization contribute due to i prismatic layer. [J;, éi, & ,Ju]J

and [V, é ., ... ¥ y] are respectively the magnetizations and the volumes of

the M layers.

Equation 2.22 defines the forward problem of a vertical magnetic sounding in
m atrix notation.

There are two possible ways to obtain a vertical sounding of magnetic data.
The first, and the most obvious, is measuring the magnetic field at fixed
altitude s. However, it is quite unlikely to collect data at different altitudes; in

this ¢ ase the vertical sounding is built by upward continuation.

2.5.2  The inversion method of Vertical Magnetic Sounding

The estimate of the magnetization from vertical magnetic soundings is
obtained using a technique, that Fedi and Rapolla 1995 called "Minimum
Length with Inequality Constrains” or IML, which produces stable solutions
without losing high -frequency solution components. It is used to solve

indeterminate linear problems such as:
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A & T
where d represents the data vector (with dimensions Nx1) referred to the

vertical sounding, m represents the parameters vector (with dimension Mx1)

referr ed to the source volume and G represents the matrix of the theoretical
kernel (with dimension NxM), defined by the equation 2.23.

For these problems, the estimated model parameters are given by the solution

having the minimum Euclidean length:
a a a A cg v

and which also satisfies some set of linear inequality constraints:

Q1 Q0 Q1 Q Q0
a a a & X
where U d is the experimental data error, m, and my are the lower and the
upper bounds of the model parameters.

The inequality constraints are based essentially on two points:
1. The unknown parameters vector must satisfy the forward model,
taking into account experimental data errors ud
2.  The parameters vector is bounded to avoid unrealistic estimates.
The lower and the upper bounds can be chosen considering available a - priori
information.
In matrix notation, an indeterminate problem with inequality constraints may

be expressed as:

0a Q g Y
where:
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The F matrix, containing the identity matrix I (MxM) and the kernel G (Nx™m),
has dimension (2M+2N) x M; the vector h, containing the lower and the upper
bounds of model parameters and the data with the experimental error s, has

dimension (2M+2N)x1.
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A way to solve the IML problem is based on the Kuhn -Tucker theorem (Fiacco

and Mc Cormick, 1968) which indicates the conditions that should be satisfied

by the solution. According to this theorem, the constraints of equations 2. 28
define a volume in the model -space of feasible solutions. If constraints are
consistent, this volume is non -zero and there is at least one solution satisfying

both conditions of equations 2.26 and 2.27.

According to a technique described in Menke (1984, pag.130), the minimum -
length is first transformed into the non -negative least squares problem:
G Q¢ Qa, T 'EQ O& | 60 O PHLG® T & T
where u isan N vector, whilethe E matrix and the f vector are given by:
: "O 5 -« L1
O h "Q &

0 P Co p
06 mh Qo6 p ®C
It can be shown that if the prediction error, Q A£Q 'OGe , is null then the
constraints are inconsistent, but if e |, ti® constraints are consistent and
the solution of the problem 2.28 is:

Q L.

a a 0 MDdQ phD C® o
So, inequalities constraints allow managing the overall tolerance of this
particular technique. The problem thus posed is the resolution of a single
sounding.
2.5.3 Vertical Soundings inversion of synthetic magnetic
data
The major change that | made to the exi sting 1D method of Fedi and Rapolla
(1995) consists in extracting the vertical soundings at different horizontal
positions, and no more just at the center of the volume. | performed the
inversion of multiple one  -dimensional vertical magnetic soundings. In this

case, each sounding is inverted independently of each other. The main feature
of this approach is that a multiscale dataset is inverted. In the following
sections, | tested this method by analyzing both synthetic perfect data, to
simulate data measure d at different levels, and synthetic upward continued

data.
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According to numerous tests that | performed and that will be described in the
next sections, | noticed that the inverse models that | am able to estimate
with the inversion of the vertical magnet ic soundings depend on three
variables:

1. the experimental data errors;

2. the upper and lower bounds of model parameters;

3. the horizontal dimensions of the source, that can be estimated by

boundary analysis techniques.

A better resolution of the model is obtain ed when the vector components ad
are as small as possible, preserving the compatibility with the other
constraints. However, | noticed that, for the same sources the inversion of
continued data needs more tolerance on U dthan the inversion of measured
data .
The constraints on model parameters should be chosen according to the
expected minimum and the maximum magnetization contrast of the anomaly
source. However, as it will be shown, an overestimation of the maximum
contrast of magnetization does not preven t the computation of a meaningful
result.
The correct estimation of the horizontal dimensions of an anomaly source, that
are used to define the horizontal dimensions of the volume in the kernel
calculation, represents the most challenging parameter to set up. | used, as
boundary analysis technique, the simple horizontal derivative method (Cordell
and Grauch, 1985).
As | have already said, by calculating the module of horizontal derivative field
along the two horizontal directions and selecting the distance between the
identified maxima, it can be obtained an estimation of the source limits.
In some cases, the horizontal dimensions obtained with the horizontal
derivative method may be overestimated.
The overestimation depends on the ratio between the horizont al dimensions of
the source and the distance of observation. As an example, the horizontal
derivative of small sided sources at remarkable depth identifies a source that
is bigger than the real one. The estimated dimensions may be less accurate
even for no n-vertical sided sources. In order to calculate the correct positions

of boundaries in the magnetic case, it is also necessary to perform a
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preliminary reduction to pole, to eliminate the dipolar shape of magnetic
anomalies. Finally yet importantly, also a data -sampling step too coarse can
prevent a correct estimation of the source dimensions.

However, as it will be shown in the next sections, it is possible to perform
some transformations of the field data in order to obtain more accurate
estimation of the source dimensions. For example, in some cases, it will be
advantageous applying the horizontal derivative method on the vertical
derivative of the field, which, as | have already said, is an appropriate tool to
increase the signal resolution.

The increase of resolution can also be achieved downward continuating the
data within the harmonic region, i.e. free -source region. This is possible, as |
will show in Chapter 3, when you are dealing with aeromagnetic data that are
usually collected at average height of 50 -60 m above the ground.

However, these operations, enhancing the high frequency, tend to amplify also

the high -frequency noise in the data and in real cases, they should be used
very carefully. In most cases it is impossible to achieve an incr ease in
resolution without enhancing the noise.

Moreover, an average useful dimension for a prism with irregular shape can
always be found and allows recovering a useful estimated inverse model.

[ define an estimated model a s piocesseafiowd t@
recover a model with feasible values for the parameters, not forced to the
upper magnetization bound for all the vertical discretized volume.

To complete the discussion about the variables that can be controlled during

the inversion proce ss, | need to mention the number of the layers in which the
theoretical volume is discretized (i.e. the number of unknowns of the inverse
problem), the maximum altitude and the number of altitudes where the field is
measured or continued.

In order to obta in a better inversion result, | noticed that the number of the
layers, for both measured and continued data, is not crucial as long as it stays
above a certain threshold (about 70 layers). Same considerations apply to the
number of altitudes where the fiel d is measured or continued if it stays within
a certain range (from 8 to 75) assuming the same maximum altitude. The
analysis of synthetic tests, shows that the maximum altitude of sampling, with

a fixed sampling step in z direction, does not have a strong influence on the
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recovered inverse models, when measured data are concerned. When the data

are obtained by upward continuation, it is necessary to increase the tolerance

on the variable U dto recover the same model with a vertical sounding having

a higher maximum altitude.

If the maximum altitude is relatively low, the inversion model shows low
resolution. The notion of Airelatively | owo d
horizontal dimensions of the anomaly source.

In real cases, this issue is complicated be cause of the presence  of adjacent
sources causing separate anomalies whose effects can interfere at the level of
observation. In this case, it is recommended to choose an optimal maximum

altitude, which ensures no interference effects with the neighboring anomalies
and, at same time, an appreciable variation of the field with th e height in
order to avoid t.he fislab effecto

In the following sections, | will show the Vertical Soundings inversions related

to synthetic tests. In particular | will use computed ( Ameasu)y and O
continued data generated by a prismatic buried body and | will evaluate the

effects of the variables that are used in the inversion process and control the

final results.

2.6  Vertical Soundings inversion of measured data

The inversion method, described in the previous section, was tested on
synthetic magnetic data obtained from the calculation of the magnetic effect of

a single source in the investigated volume. The data at different heights were
generated thanks to an algorithm that calculates the magnetic response, at a
fixed altitude, of a prismatic source for defined physical (magnetization or
susceptibility) and geometrical properties. In this frame, | consider these data,

not obtainedt hr ough upward conti nuatdatne., datafréemeasur
from errors linked to the continuation process.

For this test, | used a single source with horizontal dimensions equal to
250x150 m at depths from 100 m to 300 m. The magnetization contrast with

the surrounding volume is 3 A/m and its direction i s vertical. The magnetic
anomaly generated by this source and calculated at an altitude of 0.001 m

above the ground surface is shown in figure 2.1. The vertical soundings consist

of magnetic data calculated at 20 different altitudes from the first level at 5m
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up to the last level at 100 m with a 5 m constant step above the ground. The
positions of the vertical soundings are those shown in figure 2.1 by the green
points, while the magnetic anomaly, along the profile and at different heights,

is shown in fig ure 2.2.
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Figure 2.1: Map of magnetic data generated by a single buried prismatic source. The green dots
represent the horizontal positions of the measuring stations and then the individual vertical
soundings.
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Figure 2.2: Profiles of the magnetic data a t different altitudes of measure. The green dots
represent, for each altitude, the horizontal positions of the measuring stations and then the
individual vertical soundings.

For the calculation of the kernel, a theoretical volume has been defined with

horizontal dimensions that are in agreement with those of the true source (this
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will remain valid also in later tests, until the contrary will be clearly
expressed). The vertical dimension of the theoretical volume is defined so as
to completely contain the source of anomaly and it is discretized from 0 to

1000 m, with 100 layers with an equal thickness of 10 m (figure 2.3).
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Figure 2.3: Schematic picture of the of the finite layers forming the source volume. The dashed
arrows indicate the horizontal positions of the vertical soundings. The single kernels, Gi, are
computed according to the spatial coordinates of the soundings that are related to.

As shown in figure 2.3, for eac h vertical sounding, | computed, at its position,
the kernel Gy to perform the inversion. In this way, each vertical sounding is
inverted independently of each other.

For this preliminary test, | used the correct magnetization contrasts for the
lower and t he upper bounds, setting the lower bound equal to 0 and the upper
bound equal to 3 A/m. The experimental error is set to a very low value, equal

to 10 ° nT. In this case, the inversion of the vertical soundings provides

excellent results in estimating the position and the magnetization contrast of
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the source (figure 2.4). The black rectangle in figure 2.4 identifies the exact

location of the buried body.
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Figure 2.4: Vertical Soundings inversion of the magnetic data produced by a single buried
prismatic s ource and calculated at 20 different altitudes. The black rectangle identifies the
horizontal and vertical positions of the anomaly source.

From the estimated parameters, | calculated also the estimated data along the
considered profile, at a fixed altitu de (in this case the first height, 5 m), and |
compared them with the initial data related to the same profile (figure 2.5). |

noticed that the data are very well reproduced, as the fitting is very good,

along all the profile with a Root Mean Square Deviation (RMSD) of 5.8x10
nT.
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Figure 2.5: Comparison between the measured and the estimated data.
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These results are not trivial if you consider that the inversion method is
applied independently on each vertical sounding. So even building a sectionb vy
joining independent models related to several 1D inversions, | get a good data
fitting along the entire profile. This means that the results obtained from a

single 1D inversion are validated also along a profile.

2.6.1 Effect of constraints (m L <m<m 4) on inversion
process
The constraints on model parameters allow taking into account any a - priori

geological information in the inversion process. As | shown in the previous
section, these constraints should reflect the minimum and the maximum
magnetization contrasts of the source that produces the magnetic anomaly. In
general, for magnetized bodies, | noticed that lower bounds must be set to

zero in order to avoid slight shallow instabilities in the inverse model. To
illustrate this effect, in figure 2.6 | s how the Vertical Soundings inversion
carried out as in the previous section, but changing the lower bound value to a

negative value, equal to -3 A/m.
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Figure 2.6: Vertical Soundings inversion of the calculated magnetic data produced by a single
buried pri smatic source obtained using a negative value for the lower bound. The black
rectangle identifies the horizontal and vertical positions of the anomaly source.

As regards the upper bound, | performed another Vertical Soundings inversion
using a higher uppe r bound (equal to 5 A/m). Figure 2.7 shows that a good

result is obtained also in this case. The depth of the top is very precisely

73



Chapter 2; Magnetic Method andnversion of vertical magnetic soundings

estimated, while the bottom is less defined. The main observation is that even

using such a large upper bound, the estimated magnetizations are very close
to the true values.

This represents an important simplification in real cases where usually you do

not have accurate information on the magnetization contrasts between the

anomaly source and the host rocks.
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Figure 2.7: Ver tical Soundings inversion of the calculated magnetic data produced by a single
buried prismatic source obtained using an upper bound value greater than the true value. The
black rectangle identifies the horizontal and vertical positions of the anomaly sour ce.

2.6.2 Effect of constraints (d -0 d < Gm < d+0d)
inversion process

These constraints take into account experimental data errors. In order to

obtain a better resolution of the recovered model, the components of ud
vector should be as small as possible, while maintaining compatibility with the

other constraints. In figure 2.8, | show the inverse model obtained from the

Vertical Soundings inversion related to the data of the buried body, as in the

previous sections, evaluating the effects of the constraints on data errors.

Figure 2.8a is related to a Vertical Soundings i nversion wi t*mT, ud

while figure 2.8B%nTusing ud = 10
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Figure 2.8: Vertical Soundings inversion of the calculated magnetic data produced by a single
buried prismatic source obtained using for the data error a value of 10 “nT(a)and 10 2 nT (b).
The black rectangles identify the horizontal and vertical positions of the anomaly source.
As can be observed, increasing the value of the experimental data error
causes a loss of resolution of the inverse models, which is mainly reflected in a
loss of information about the correct location of the bottom of the anomaly
source, while the top and the magnetization contrast are still suc cessfully

recovered.

2.6.3 Effect of the errors on the estimation of the
horizontal dimensions of the source

The horizontal dimensions of an anomaly source are used to define the
horizontal dimensions of the volume in the kernel calculation. In this work, the
estimation of these horizontal dimensions was performed using a boundary
analysis technique through the horizontal derivative method (Cordell and
Grauch, 1985).

As | have already said, the horizontal dimensions obtained by the horizontal
derivative method may be overestimated and should be considered as an
upper bound to the true dimensions.

For the source used in the previous section, the horizontal derivative method
allows to estimate the horizontal dimensions as 250x200 m (the right

dimensions, as stated  in Section 2.6, are 250x150 m) (figure 2.9).
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Figure 2.9: Total horizontal derivative of magnetic data generated by a single buried prismatic
source. The maxima of this map are local estimations of the edges of the source. The black
rectangle represents  an estimation of the horizontal dimensions of the buried source, i.e. the
position of the maxima of the horizontal derivative.

If I assume these horizontal dimensions in the kernel calculation, it is possible
to obtain a useful inverse model only by incre asing the value of the
experimental data error. Figure 2.10 shows the inverse model recovered by

using the horizontal dimensions obtained from the horizontal derivative

met hod and using for 40d = 2 nT.
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Figure 2.10: Vertical Soundings inversion of the calc ulated magnetic data obtained using for the
kernel calculation a prismatic source with horizontal dimensions estimated from the horizontal
derivative map. The black rectangle identifies the horizontal and vertical positions of the

anomaly source.
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The magn etization results underestimated, the position of the top is less

accurate and for the bottom, there is a loss of resolution as consequence of

the high value of U dconstraints. However, it should be noted that in this case

| overestimated one of the horizo ntal dimensions more than 30% of the real

dimension, which is an error quite remarkable and depends mainly on the true

dimensions and the position at depth of the source. For this type of source

may be advantageous performing some transformations on the fi

eld data in

order to obtain a more accurate estimation of the source dimensions. In fact,

when the method of the horizontal derivative is applied on the vertical

derivative of the field, the correct horizontal dimensions of the source are

estimated (figure  2.11).
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Figure 2.11: Total horizontal derivative of the vertical derivative of magnetic data generated by
a single buried prismatic source. The black rectangle represents an estimation of the horizontal
dimensions of the buried source, i.e. the position of the maxima of the horizontal derivative.

2.7  Vertical Soundings inversion of continued data

For the synthetic examples shown in the previous sections, the data were

calculated thanks to an algorithm that allowed to evaluate the magnetic

response at different altitudes. In a real case, it is quite unlikely to measure

the magnetic field more than a t one height over the ground. In the best case,

with the gradiometric configuration, using two magnetic sensors, it might be

possible have two different measurements at different altitude. As | am

dealing with the inversion of vertical magnetic sounding, |
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calculate the magnetic field at different altitudes, starting from the field

measured at one altitude. It is well known that the magnetic field, as a
potenti al field, obeys t o Lapl aceds equati
computation of a mag netic field over an arbitrary surface in the harmonic
region. This procedure is called continuation. In order to build the vertical
soundings, | have to upward continue the data taken at a single altitude, thus

in this case the continuation altitudes are h igher than the measurements
altitude.

However the upward continuation operator introduces some errors in the
calculated data at different altitudes. This because | approximate the
convolution integral with a finite and discrete set of magnetic data, known on
finite region. Anyway, the most severe errors commonly arise when using
conventional circular convolution Fast Fourier Transform (FFT) algorithms,

because frequency aliasing errors can affect the low -frequency content of the
upward -continued data at hi  gh altitudes (Fedi et al., 2012). Fortunately, these

errors can be kept low by performing the circular convolution on a larger area

than that of interest (Oppenheim & Schafer, 1975).

Therefore, the input data sequences can be extended to a greater length by
using other surveys in nearby areas, if available, or, alternatively, by
mathematical extrapolation algorithms, such as smooth extension, zero -
padding, maximum entropy prediction, symmetrization and others. In my

cases | used smooth extension of order O algorithm, simply consisting in
extrapolating using the values of the anomaly field at its edges.

Such extrapolation will surely reduce the circular convolution error although
introducing by itself a new error (since the continuation is performed using

also the extrapolated data and not only the true data; Castaldo et al., 2014).

However, such error, if the analyzed profile is chosen far from the boundaries

of the measurement area and the continuation altitude is not too high with

respect to the measuremen t area size, should be rather low (Fedi et al.,
2012).
The effects of this error can be mitigated by approximating it by a first -order

polynomial (I tested that a higher degree of the polynomial order does not
produce an improvement in the recovered model ).

ba 6 da & T
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where C,;, C, are the unknown coefficients of the first -order polynomial. Using
this polynomial | modify the dimensions of matrix F and vector h (equation
2.29).

The unknown coefficients are estimated automatically during the inversion
process. Now the matrix I has dimension (M+2)x(M+2) and the kernel G
(Nx(M+2)), while for the vector h, the bounds related to polynomial
coefficients are completely unconstrained and its dimension becomes
(2(M+2)+2N)x1.

In order to perform a Vertical Soundings inversion, | used the same source as

for the calculated data. The horizontal dimensions are 250x150 m and it i

located at depth from 100 m to 300 m. The magnetization contrast with the
surrounding volume is 3 A/m and its direction is vertical.

In this case, the vertical soundings consist of magnetic data continued at 20
different altitudes from the first level at 5 m up to the last level at 100 m with

a 5 m constant step. The positions of the vertical soundings are the same as

shown in figure 2.1 by the green points.

Even for this test, the calculation of the kernel considers a source volume with
horizontal dimens ions that are in agreement with those of the source that
generates the anomaly while its vertical dimension contains the source of
anomaly and it is discretized with 100 layers from 0 to 1000 m.

For this test, | set the correct magnetization contrasts for the lower and the
upper bounds, the lower bound is equal to 0 and the upper bound is equal to 3

A/m.

| noticed that in order to recover a useful inverse model, the experimental

error must be set to a value that is several order of magnitude greater than

2 nT. Its value

for calculated data. In this case | used a value equal to 2x10
takes into account the existence of the continuation errors but at same time it
introduces a loss of resolution, especially at the bottom of the inverse model
where some widenings  appears and make more difficult a precise estimation of
the depth of the bottom.

However, as shown in figure 2.12, the Vertical Soundings inversion is able to
correctly recover the depth of the top of the source, the magnetization

contrast is correctly es  timated.
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Figure 2.12: Vertical Soundings inversion of the magnetic data produced by a single buried
prismatic source and continued at 20 different altitudes. The black rectangle identifies the
horizontal and vertical positions of the anomaly source.

Even in this case | evaluated how the continued data along the profile at a
fixed altitude (in this case the first height, 5m) are reproduced, calculating the
estimated data from the estimated parameters. As shown in figure 2.13, the

misfit is still very good along all the profile  with a RMSD of 3.3 nT.
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Figure 2.13: Comparison between the continued and the estimated data.

80



Chapter 2; Magnetic Method andnversion of vertical magnetic soundings

2.7.1  Effect of maximum altitude on inversion process

As | said in the Section 2.7, the continuation error increases with the altitude.
This error has been approximated by a first -order polynomial and has
requested more tolerance on the value of the experimental data error in order
to obtain a useful inverse model. In this section, | analyze the effect of the
choice of different maximum altitud e of data continuation on the inversion
process. In these tests | changed only the set of continuation altitudes, leaving
unchanged all the others variables in the inversion process. In particular, |
performed some Vertical Soundings inversions using the f ollowing continuation
altitudes:

1 from 3 m to 60 m with a constant step of 3 m (figure 2.14a);

1 from 7 m to 140 m with a constant step of 7 m (figure 2.14b).
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Figure 2.14: Vertical Soundings inversion of the magnetic data produced by a single buried
prismatic source and continued at 20 different altitudes. The maximum continuation altitudes

are 60 m (a) and 140 m (b). The black rectangles identify the horizontal and vertical positions
of the anomaly source.

In order to obtain these inverse models | used different values for the

components of the experimental data error vector. In particular for the first

case, with a maximum altitude of sampling equal to 60 m, | used uUd=8T1T10
nT, while for the second case, with a maximum altitude of sampling equal to

140 m | us e d? OTd AsSticah e seen the recovered inverse models

are quite similar each other and at same time they are similar to the test in

the previous section (figure 2.12), when the maximum altitude of sampling

was equal to 100 m and wher &nTlIn dorclusion thee t id=2
Vertical Soundings inversion of continued data seems to be little sensitive to

the maximum altitude of sampling if more to lerance on U dvalue with the

increasing of the altitude is allowed.
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2.7.2 Vertical Soundings inversion of continued data in
presence of a linear trend

The synthetic tests described in the previous sections, both for calculated and
continued data, refer to a simplified case, as it is really unlikely to find in
nature completely isolated magnetic anomaly sources. In most cases, a map

of magnetic data is the result of superposition of the magnetic anomalies
generated by many sources, having different shapes and sizes, different
depths and with different magnetization contrasts.

In order to build a test being closer to a real case, in this section, | describe a

Vertical Soundings inversion performed on continued data related to the same

source used so far with the addition of a linear trend. This trend is the
magnetic anomaly produced by a very deep and large horizontal source. In
particular, the prism created to generate this type of linear trend is placed at

depth between 2 and 3 km, has a vertical magnetization of 7 A/m and both
horizontal dimensions of 7.5 km.

The magnetic anomaly generated by the addition of these 2 sources and
calculated at an altitude of 0.001 m above the ground is shown in figure

2.15a. The positions of the vertical soundings are those shown by the green
points and they consist of magnetic data continued from the base level at 20

different altitudes from the first height at 5 m up to the last height at 200 m

with a 5 m constant step (figur e 2.15b).
nT

1400,

1000

1200+ ®)

-
(=]
(=
=

800+

Distance {m)

600

Magnetic Field (nT)

400

0

0 200 400 600 800 1000 2005 200 400 600 800 1000

Distance (m) Distance (m)
Figure 2.15: (a) Map of magn etic data generated by a single buried prismatic source and a
deeper and larger horizontal source, that results in a E -W linear trend at observation level. The
green dots represent the horizontal positions of the vertical soundings. (b) Profiles of magneti
data at different altitudes of continuation.
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The presence of a linear trend involves a necessary modification to the
procedure of the inversion technique. The linear trend may be seen like an

error in the signal that should be mitigated.

A simple, yet ef fective way to remove a linear trend is the calculation of the
vertical derivative of the field. This operator is able to increase the signal
resolution, enhancing the high frequency components of anomalies map. For
derivative field, the linear trend, whic h corresponds to a low frequency
component of the signal, is greatly reduced. In figure 2.16a is shown the
vertical derivative of the magnetic map and in figure 2.16b the profile of the

vertical soundings that will be inverted.
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Figure 2.16: (a) Map of the vertical derivative of magnetic data generated by a single buried
prismatic source and a deeper and larger horizontal source, resulting in a linear trend at
observation level. The green dots represent the horizontal positions of the vertica | sounding. (b)
Profiles of vertical derivative of magnetic data at different altitudes of continuation.

As the Vertical Soundings inversion is performed on the data of the vertical
derivative of the field, in order to obtain a correct dimension of the est imated
parameters, | need to calculate the vertical derivative of the kernel. The

source volume has, in this case, horizontal dimensions in agreement with

those of the true source.

For this test, | used the correct magnetization contrasts for the lower and the
upper bounds, setting the lower bound equal to 0 and the upper bound equal

to 3 A/m. | noticed that to recover a useful inverse model, the experimental

error must set to a very high value, if compared with previous tests, equal to

2 nT. The Vertical S oundings inversion provides good results in estimating the
position of the top of the source and a correct magnetization contrast is also

retrieved. It is instead more difficult to correctly define the position of the

bottom (figure 2.17a). However, even i n this case the magnetic anomaly along
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a profile at a fixed altitude is very well reproduced with a RMSD of 5.2 nT
(figure 2.17b).
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Figure 2.17: (a) Vertical Soundings inversion of the vertical derivative of magnetic data
produced by a single buried prismatic source and continued at 20 different altitudes. The black
rectangle identifies the horizontal and vertical positions of the anomaly source. (b) Comparison
between the continued and the estimated data.

2.7.3 Vertical Soundings inversion of continued data
produced by an irregular shaped prism

Until now | have considered calculated and continued data generated by
sources with regular prismatic shape and | have seen that in order to recover

a useful inverse model a correct estimation of the horizontal dimensions of the
source of anomaly is needed. The real cases might involve several
complications that have not been considered in the performed tests. One of
these is related to the shape of the anomaly source that, in most cases, is hot

a regu lar prism. In this case, it might be difficult obtaining an accurate
estimation of the horizontal dimensions, especially when the source is located

at a considerable depth and its horizontal dimensions are not much larger than

this depth. For this type of source | will show in this section that it is possible

to define an equivalent prism with average horizontal dimensions allowing to
recover a useful inverse model that still fits the data. These average
dimensions are found with a trial and error approach.

The Vertical Soundings inversion was performed on continued data generated

by a prismatic source of irregular shape as shown in figure 2.18a. A plan

sketch of the synthetic source with its dimensions is shown in figure 2.18b.
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Figure 2.18: (a) 3D sketch of irregular prismatic source used to generate synthetic magnetic
data. (b) Horizontal plan sketch of the same source.

The source is located at depths from 100 m to 300 m. The magnetization
contrast with the surrounding volume is 3 A/m and it s direction is vertical. The
magnetic anomaly generated by this source, and calculated at an altitude of
0.001 m above the ground, is shown in figure 2.19a. The vertical soundings,

as in the previous sections, are obtained by continuating the magnetic map

from the base level at 20 different altitudes, from 5 to 100 m. If | try to
estimate the horizontal dimensions of this source, by applying the horizontal
derivative method on the vertical derivative of the field, | obtain, as shown in

figure 2.19b, the fol lowing values: 250%x175m. In this case the irregular
geometry of the anomaly source (figure 2.18b) is not correctly recovered.

In order to increase the resolution, | applied the horizontal derivative method

on the second vertical derivative of the field (f igure 2.19c¢). In this case the
dimensions of the anomaly source are retrieved accurately.

This means that it might be useful using higher order derivatives in order to
characterize the horizontal dimensions of the source. However, the
applicability of the vertical derivative in the real cases, especially of order
greater than one, is closely related to the quality of the collected data. The

noise at high -frequency in the data, enhanced by the vertical derivatives, can
prevent a correct estimation of the hor izontal dimensions. For this reason, the
Vertical Soundings inversions p  erformed for this type of source and shown
below, have considered, for the kernel calculation, both the estimations of the
source horizontal dimensions, i.e. those coming from analysis of the first and

the second vertical derivative.
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Figure 2.19: (a) Map of magnetic data generated by a single buried irregular prismatic source
The green dots represent the horizontal positions of the vertical soundings. (b) Total horizontal
derivative of the vertical derivative of magnetic data. (c) Total horizontal derivative of the
second vertical derivative of magnetic data. The black rectangles represent an estimation of the

horizontal dimensions of the buried source, i.e. the
derivative.

position of the maxima of the horizontal

In the inversion process the magnetization lower and the upper bound have

been set to the real values (0 and 3 A/m, respectively), while the components

of the experimental

dat a er f?mT whanrusing,emthea |

kernel calculation, the correct shape and horizontal dimension of the anomaly

source, while it is equal to 2x10

-1

nT using the horizontal dimensions

estimated from the horizontal derivative of the first vertical derivative of the

field. The model obtained using the correct source dimensions (figure 2.20a) is

in agreement with the previous results: the top of the source and the

magnetization contrast are correctly estimated while the bottom of the source

is described with less resolu  tion. The model obtained using the overestimated

source dimensions (figure 2.20b), shows a greater loss of resolution for each

sounding, with an underestimation of the magnetization contrast that results
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correct only for the central soundings. However, the depth to the bottom for

these soundings is completely incorrect.
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Figure 2.20: (a) Vertical Soundings inversion of the continued magnetic data obtained using for

the kernel calculation a prismatic source with horizontal dimensions estimate d from the
horizontal derivative of the second vertical derivative of magnetic data. (b) Vertical Soundings

inversion of the continued magnetic data obtained using for the kernel calculation a prismatic

source with horizontal dimensions estimated from the horizontal derivative of the first vertical
derivative of magnetic. The black rectangles identify the horizontal and vertical positions of the

true anomaly source.

Fedi and Rapolla (1995) have shown a case of source with irregular vertical
shape. In parti cular, in order to simulate the anomaly of a sedimentary basin,
they inverted the gravity anomaly produced by a layered source with a depth -
increasing density and with a decreasing horizontal width for each layer. In
this case the horizontal derivative pro vided the dimensions of the shallow
layer. These authors have demonstrated that these dimensions are not useful
as the source doesndt have vertical sides.
is smaller than the real one at shallow depth. The dimensions of this prism are
obtained by a trial and error approach. In other words they have shown that it
is possible to find an equivalent prismatic source to calculate the kernel in the
inversion process in order to recover a useful inverse model.
Starting from thi s result | performed two other Vertical Soundings inversions,
using as the theoretical volume in the kernel calculation, two prisms with
lower dimensions than those estimated in figure 2.19b:

 250x150 m;

1 250%x125m

In the inversion process | set the lower and the upper bound equal to the real
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values and the components of the exper imental data error are equal to
ad=2T1mr.
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Figure 2.21: Vertical Soundings inversions of the continued magnetic data obtained using for

the kernel calculation an equivalent prismatic source prismatic source with horizontal
dimensions of 250150 m (a) and 250%125 m (b). The black rectangles identify the horizontal

and vertical positions of the anomaly source. Plot (c) and plot (d) show the comp arisons
between the continued and the estimated data related to the inverse models (a) and (b)
respectively.

The inversion model obtained using an equivalent prism with horizontal
dimensions of 250150 m (figure 2.21a) allows to recover an inverse model

that is quite similar to that obtained using the real horizontal dimensions for

the kernel calculation (the horizontal dimension in x direction is 250 m, while

in y directon are 125 and 175 m; see figure 2.20a) and with a really
acceptable data misfit with a RMSD of 11.9 nT (figure 2.21c). In the other

case, when the equivalent prism has dimensions 250x125 m (figure 2.21b),

the depth to the top and the magnetization contrast are c orrectly retrieved,

while the depth of the bottom is now overestimated. This involves a
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deterioration of the data misfit with a RMSD of 14.6 nT as shown in figure
2.21d.

In conclusion, the possibility to find an equivalent prism that can approximate
the re al horizontal dimensions of anomaly source represents an important
simplification when you are dealing with the real data, where the anomaly

sources are of different irregular shapes, both horizontally and vertically.
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CHAPTER 3 1 Joint inversions of two VTEM

surveys using quasi 3d TDEM and Vertical
Magnetic Soundings algorithms: the case study
of the Broken Evil prospect, Ontario (CANADA)

3.1 Geological setting of the Superior Province,
Ontario, Canada

The Canadian Shield is subdivided into geological provinces (Percival, 2007).

The Superior Province consists of east -west trending alternating belts of
predominantly volcanic, sedimentary and gneissic rocks, representing the
accreted remains of ancient continents and ocean basins. The Superior
Province is accordingly further subdivided into a number of sub - provinces,
described according to their lithologies, structures, and metamorphic grade
character.

The Sup erior Province, which is the oldest, largest and consists of rocks of
Achaean age (i.e. greater than 2.5 billion years old), with autochthonous cover
sequences underlie approximately 80% of the province of Ontario.

Current views regard the Superior Provinc e as a collage made up of small
continental fragments of Mesoarchean age and Neoarchean oceanic plates with

a complex history of aggregation between 2.72 and 2.68 Ga (Percival 2007)

and subsequent post -orogenic effects.

Tectonic stability has prevailed sin ce ca. 2.6 Ga in large parts of the Superior
Province (e.g., Percival, 2007). Proterozoic and younger activity is limited to

rifting of the margins, emplacement of numerous mafic dyke swarms (Buchan

and Ernst, 2004), compressional reactivation, large -scale rotation at ca. 1.9
Ga, and failed rifting at ca. 1.1 Ga. With the exception of the NW and NE
Superior margins that were pervasively deformed and metamorphosed at 1.9

to 1.8 Ga, the Craton has escaped ductile deformation.

Sedimentary rocks as old 2.48 Ga unconformably overlie Superior Province
granites, indicating that most erosion had occurred prior to ca. 2.5 Ga.

A first -order feature of the Superior Province is its linear subprovinces of

distinctive lithological and structural character, accentuated by subparallel
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boundary faults (Card and Ciesielski, 1986, Percival, 2007). Trends are

generally East -West.

Several domains of Mesoarchean age are recognized in spite of pervasive
Neoarchean magmati sm, met amor phi sm, and defor
is used in the sense of a geological domain with a distinct geological history

prior to its amalgamation into the Superior Province during 2.72 to 2.68 Ga

assembly event s. AiSuperterraneso show evidenc
terranes prior to the Neoarchean assembl y. ADomainso are defi
regions within a terrane or superterrane.

Domains of oceanic ancestry, identified by juvenile isotopic signatures,

separate most of the continental fragments. These dominantly greenstone -

granite terranes general ly have long strike lengths and record geodynamic

environments including oceanic floor, plateaux, island arc, and back -arc

settings (Thurston, 1994). Rocks formed in these environments host some of

the largest massive sulfide deposits (VMS) of the Province , particularly in the

Abitibi greenstone belt (southeastern part of the Superior Province).

Still younger features, the metasedimentary terranes (Breaks, 1991; Williams,

1991; Davis, 2002), separate some of the continental and oceanic domains.

Extending ac ross the entire Province, these 50 to 100 km wide belts of

metagreywacke, migmatite, and derived granite appear to represent thick

synorogenic sequences that were deposited, deformed, and metamorphosed

during collisional orogeny. Faults, developed in assoc iation with several

distinct tectonic events, host a variety of orogenic gold deposits across the

Province.

3.1.1  The Abitibi Terrane in the Eastern Superior Province

Large parts of the Abitibi terrane in Ontario are poorly exposed as a result of

subdued topography and extensive glacial lake clay deposits. The Abitibi
terrane has been subdivided into three domains with overlapping
tectonostratigraphic histories. In the northern Abitibi, volcanic assemblages
are mainly 2.74 to 2.72 Ga old (Ludden et al., 1986; Chown et al., 1992;

Legault et al., 2002) and associated with layered intrusions. The central zone

is dominated by plutonic rocks (Chown et al. 2002). Volcanic rock sof 2.71to

2.695 Ga and their associated mineral deposits are restricted to the southern
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Abitibi of Ontario and Quebec (Dimroth et al. 1984; Daigneault et al. 2002). In
addition, the southern Abitibi has relatively young sedimentary volcanic
deposits inc luding greywackes (ca. 2.69 Ga) of the Porcupine Group (Bleeker
and Parrish 1996) and conglomeratic and alkaline volcanic rocks (2.677 to

2.673 Ga) of the Timiskaming Group (Davis 2002).

3.1.2 The Broken Evil prospect in the Abitibi greenstone
belt

The Broken Evil prospect lies in the Abitibi greenstone belt, in the eastern part

of Superior Province.

The region hosts some of the richest mi neral deposits of the Superior
Province, including the giant Kidd Creek massive sulfide deposit (Hannington

et al. 1999) and the large gold camps of Ontario and Quebec (Robert and
Poulsen 1997).

The area is underlain by intermediate and mafic metavolcanics, pyroclastics

and metasediments. These early Precambrian units have been intruded by
several metamorphosed mafic and ultra mafic bodies. Figure 3.1 shows the

general bedrock types present in the area.

Mafic to intermediate [

metavolcanic rocks
(basaltic and andesitic flows,
tuffs and breccias, related
migmatites).

Felsic to intermediate

metavolcanic rocks

(diacitic and andesitic flows,
tuffs and breccias).

B Metasedimentary rocks
(wacke, siltstone, arkose,
argellite, slate, marble, chert,
iron fm, minor metavilcanics)
Metasedimentary rocks
(marble, chert, iron fm).
Mafic and ultramafic
rocks (gabbro,
anorthosite, ultramafic rocks)
Mafic and ultramafic
rocks
Diorite — monzonite —
granodiorite suite
(diorite, tonalite, monzonite,
granodiorite, syenite and
hypabyssal equivalents )

Figure 3.1: Bedrock geology of the area under study.
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Bedrock outcrops in the area of interest are very rare; thick Quaternary
overburden is widely spread. The overburden thick ness may reach 30 -50
meters.

The property was extensively covered by drill holes. There is historic and new

drilling data available. The most recent drilling program took place in 2011
initialized by Promiseland Exploration, Ltd of Vancouver, following the
information provided by a ground geophysical survey of the area using ERA

low frequency EM profiling (Kaminski et al., 2011). Based on the interpretation

of the geophysical data, anomalous conductive zone was delineated and
interpreted as potential Volcan ic Massive Sulfide (VMS) mineralization target.
The drilling program, carried out in 2011, has revealed a 21 m thick zone with
disseminated to massive mineralized interval starting at 82 m depth .
Exploration is currently under way. This area is undergoing active mineral
exploration, including VMS and VMS -Au targets.

It is expected that VMS deposits in the area will generate strong conductive

and chargeable anomalies, which may or may not be magnetic (Kidd Creek

deposit is non -magnetic).

3.2 Geophysical features of Volcanogenic Massive
Sulfide Deposits

Volcanogenic massive sulfide deposits are major sources of Zn, Cu, Ph, Ag,

and Au and significant sources for Co, Sn, Se, Mn, Cd, In, Bi, Te, Ga and Ge.

The most common feature among all types of VMS deposits is that they are

formed in extensional tectonic settings, including both oceanic seafloor
spreading and arc environments.

They typically occur as lenses of polymetallic massive sulphide that form at or
near the seafloor in submarine volcanic environments. They form from metal -
enriched fluids associated with seafloor hydrothermal convection. Their
immediate host rocks can be either volcanic or sedimentary.

Most VMS deposits have two components. There is typically a mound -shaped
to tabular, stratabound body composed principally of massive (>40%) sulfide.

These stratabound bodies are typically underlain by a discordant stockwork or

stringer zone with vein  -type sulfide mineralization.
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The mineralization r esults in precipitation of pyrite, pyrrhotite, chalcopyrite,
sphalerite and galena. Other possible nonsulfide minerals associated in VMS
deposits include magnetite, hematite and cassiterite (Galley et al., 2007).
Volcanogenic Massive Sulfide (VMS) deposits have typically strong geophysical
contrasts with their host rocks, due to substantial differences in physical
properties between the deposits and the rock in which they form (Thomas et

al., 2000). These properties are mainly susceptibility, density, and r esistivity.
Mining geophysics has long played a major role in VMS exploration. It is well

known that numerous discoveries have been directly due to geophysics,
commonly detected by magnetic or electromagnetic surveys (Boivin, 2007).

Many sulfide minerals  have high values of magnetic susceptibility resulting in
prominent magnetic anomalies associated with VMS ore bodies. In some
cases, the strong magnetic signature of a VMS deposit is associated with
noneconomic mineralization. For example, a Cu -rich, chalc opyrite -bearing VMS
deposit may have a strong magnetic anomaly due to its association with
pyrrhotite, a highly magnetic but noneconomic mineral. Pyrrhotite and pyrite

are the most common mineral associated with VMS deposits and are
characterized by highv al ues of magnetic susce pSlifobil ity
pyrrhotite "ASifrpgite £Thoinds et al., 2000)).

These high values, compared to the lower values measured in most
sedimentary and volcanic host rocks, produce strong positive magnetic
anomalies.

Other common sulfide minerals in VMS deposits, such as chalcopyrite,
sphalerite and galena, have lower values of magnetic susceptibility that are
similar to those found for their sedimentary and volcanic host rocks and thus

do not contribute to any magnetic anomaly associated with the VMS ore body.
However, these minerals rarely form as an isolated sulfide and their
association with noneconomic sulfide, with high values of magnetic
susceptibility, allow their identification (Bishop and Emerson, 1 999).

In addition, nonsulfide metallic mineral with high susceptibility values, such as
magnetite (5500x10 "* SI) and hematite (40x10 3 Sl) also are common in
some massive sulfide deposits and contribute to the strong positive magnetic
anomalies found asso ciated with these ore bodies (Thomas et al., 2000). The

metallic minerals can occur in the core of the stockwork and central base part
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of the overlying sulfide lens (Ford et al., 2007). Alternatively, iron formation
deposits riches in magnetite and hematit e can be temporally and spatially
associated with VMS deposits (Peter et al., 2003), amplifying the associated
magnetic anomalies.

In some cases, VMS deposits can be associated to small localized magnetic
anomalies for the hydrothermal alteration of footwa Il rocks beneath massive
sulfide deposits that may lead to the destruction, through oxidation, of the
magnetic phase (Tivey et al., 1993, 1996).

In order to identify VMS deposits also conductivity represents a useful physical
property. The physical contras t between VMS deposits and its host rock may
be significant. In fact, these deposits have high conductivities exceeding 500

mS/m and are similar in magnitude to graphite and saltwater, compared to
igneous and metamorphic rocks with typical conductivities o f <1 mS/m and
sedimentary rocks with conductivities from 1 to 500 mS/m (Ford and others,

2007).

A complicating factor, however, may be the presence of a water -rich unit
overlying the VMS ore body, this unit may be highly conductive and can mask

the signal from the ore body. Saturated overburden may produce conductivity
values that effectively mask the EM response of the VMS mineralization
(Thomas and others, 2000). Also anoxic sedimentary horizons that contain
graphite are also highly conductive and are dif ficult to distinguish from
massive sulfide deposits.

In addition airborne electromagnetic techniques are effective in detecting
massive sulfide mineralization, only if the sulfide grains in the deposit are
electrically connected (Dubé et al., 2007). In ca ses where sulfide grains are
not electrically connected, such as in the disseminated sulfide stockwork below

the main massive sulfide ore body, induced polarization can be successfully

employed to detect these and other disseminated sulfides

3.3 The 2013 Vers atile Time Domain Electromagnetic
(VTEM P survey over the Broken Evil prospect

During June 4 ™ to 8 ™ 2013, Aeroquest Airborne performed a helicopter -borne
geophysical survey over the Broken Evil Block located approximately 11 km

southwest of Cochrane, Ontario (figure 3.2a).
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Figure 3.2: (a) The location of the Broken Evil prospect in northern Ontario (Canada); (b) the
area of 2013 VTEM survey on Google Earth; (c) the VTEM Pl system configuration; (d) VTEM
waveform (adapted from Aeroquest Broken Evil survey report, 2013).

The geophysical surveys consisted of helicopter borne EM using the Geotech
iver satidde mai me el ect r oma g"tfe systemod with( X/ ari MK
component measurements and horizontal magnetic gradiometer using two
cesium magnetometers. The system included a GPS navigation system and a

radar altimeter ( figure 3.2c) (Legault et al., 2012).

A total of 323 line -kilometers of geophysical data were acquired during the
survey over an area of 61 square kilometers (figure 3.2b).

The block was flown in a southwest to northeast direction with traverse line

spaci ng of 100 and 200 m.

Topographically, the blocks exhibit a shallow relief with an elevation ranging

from 258 to 296 m above mean sea level.

There are various rivers and streams running through the survey area which
connect various lakes and wetlands. There are visible signs of culture such as

roads, buildings and trails throughout the survey area.
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During the survey the helicopter was maintained at a mean altitude of 68 m

above the ground with an average survey speed of 80 km/hour. This allowed

for an actual average EM bird terrain clearance of 36 m and a magnetic sensor
clearance of 44 m.

The electromagnetic system consists of receiver and transmitter coils that

were in concentric -coplanar and Z -direction oriented configuration. The
receiver system also incl  uded a coincident -coaxial X -direction coil. In table 3.1

are listed the transmitter and the Z -receiver specifications:

Transmitter
Coil diameter 26m
Number of turns 4
Effective transmitter area 2123.7m ?
Base frequency 30 Hz
Peak current 187 A
Pulse width 7.12 ms
Waveform shape Bi-polar trapezoid (figure 3.2d)
Peak dipole moment 397131 nlA
Z-Receiver
Coil diameter 12m
Number of turns 100
Effective receiver area 113.04m 2

Table 3. 1: VTEM P system specifications.

The VTEM decay was sampled using 32 time measurement gates in the range

from 0.096 to 7.036 ms after the time - off.

Zero time for off -time sampling scheme is equal to current pulse width and
defined as the time near the end of the turn -off ramp where the d I/dt
waveform falls to 1/2 of its peak value.

Some processing procedures, through a digital filtering process, were used to

reject major spherical events and to reduce the system noise. Then, the raw

collected data are stacked and recorded at 0.1 s.

plus

The ho rizontal gradients data from the VTEM system are measured by two
magnetometers 12.5 m apart on an independent bird mounted 10 m above
the VTEM loop. A GPS and an inclinometer help to determine the positions and

orientations of the magnetometers. The da ta from the two magnetometers are
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corrected for position and orientation variations, as well as for the diurnal
variations using a base station data.

The position of the center of the horizontal magnetic gradiometer bird is
calculated from the GPS position s of the 2 magnetometers and at that position
the total magnetic intensity is obtained by calculating the mean values from
both sensors. The magnetic data are recorded at a sampling interval equal to
0.1s.

3.4 The 2007 Versatile Time Domain Electromagnetic
(V TEM) survey over the Broken Evil prospect

Previously, in 2007, another geophysical survey was carried out over the same
area along traverse line spacing of 200 m (figure 3.3b).

The geophysical survey consisted of helicopter borne EM using the VTEM
systems and aeromagnetics using a caesium magnetometer. The system

included also a GPS navigation system and a radar altimeter.

(c) VTEM 30 Hz Base Frequency
Sample Times

| Location of

decay windows
{eenter points)

1

4445 1505250

1 1 [ B | L] 1 1 [ I I | 1 U 1 L} 1 1 1] 1
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msec X o
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Figure 3.3: (a) the VTEM system configuration; (b) the area of 2007 VTEM survey on Google
Earth; (c) VTEM waveform (adapted from Aeroquest Broken Evil survey report, 2007).
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Receiver and transmitter coils of the EM system are concentric and Z -direction
oriented. The coils were towed at a mean distance of 35 m below the aircraft
(figure 3.3a).

Transmitter and Z  -receiver specifications are listed in table 3.2:

Transmitter
Coil diameter 26m
Number of turns 4
Effective transmitter area 2123.7m *?
Base frequency 30 Hz
Peak current 262 A
Pulse width 4.2 ms
Waveform shape Trapezoid (figure 3.  3c)
Peak dipole moment 556400 nlA
Z-Receiver
Coil diameter 1.2m
Number of turns 100
Effective receiver area 113.04 m 2

Table 3. 2: VTEM system specifications.

The 2007 VTEM decay was sampling using 26 time measurement gates in the

range from 0.120 to 9.245 ms after the time - off.

The strength of magnetic field is measured by a magnetic sensor mounted in a
separate bird, 13 m below the helicopter. The magnetic da ta are corrected for
diurnal variation using the digitally recorded ground base station magnetic

values. The EM and magnetic data are sampled at 0.1 s.

The VTEM system used in 2007 had different moment, waveform shape and
receiver times from the 2013 VTEM system. From an instrumental point of

view, they represent two completely distinct datasets.

3.5 VTEM data processing

The AEM data handling represents a logistical challenge for every AEM survey.

The main steps of the data handling, which lead to the presenta tion of the
results and the following geophysical and geological interpretations, involve

the processing and the inversion.

The 2 dataset, related to the 2 VTEM systems, consist of navigation data,

voltage data and magnetic data.

The aim of data processing is to prepare data before an inversion is run.
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The processing of magnetic data including diurnal correction, IGRF removal
and leveling, is usually done by the contractors.
The processing procedures of navigation and voltage data include importing
the data, altitude corrections, filtering and discarding the data contaminated
by cultural noise. A spatial average is then applied on the data in order to
improve the S/N ratio without compromising the lateral resolution.
The AEM data were processed using the Aarhus Workbench software package
(Auken et al.,, 2009). The Aarhus Workbench is a common platform for
working with geophysical, geological, and GIS data. It includes fully integrated
modules for generating geophysical thematic maps, geo -statistic modeling
and visualizations on GIS maps. This is extremely important when working in
densely inhabited areas where long data sequences often have to be culled
because data are severely biased by coupling to man -made conductors
(Danielsen et al. 2003).
In general the AEM data processing is realized in a four -step process (Auken et
al., 2009):
1. automatic filtering and averaging of navigation data; any manual
corrections may also have to applied to the altitude data;
2. automatic filtering and averaging of voltage data, in order to minimize
high frequency noise;
3. further refinement of voltage data through manually processing,
especially in areas with cultural responses;
4. afast inversion, using a smooth model to fine -tune the processing done

in the previous steps.

3.5.1 Navigation data processing

The 2013 VTEM system includes 2 GPS antennas: the first is mounted on the
helicopter tail; the second is installed on the additional magnetic loop together

with an inclinometer. The GPS receiver is mounted on the instrument pane I, in
front of the pilot to direct the flight. As many as 11 GPS and 2 WAAS (Wide

Area Augmentation System) may be monitored at one time. The positional
accuracy is 1 m. The differentially corrected GPS positional survey data are
recorded in real -time as 0 .2 s interval geodetic coordinates. In addition a

radar altimeter was used to record the terrain clearance, with a sampling rate
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of 0.2 s. The antenna was mounted beneath the bubble of the helicopter
cockpit. The 2007 VTEM system comprises a GPS receiver w ith an antenna
mounted on the helicopter tail. The data measured every 0.2 s have an
accuracy of 1 m. Even in this case, a radar altimeter is mounted beneath the

bubble of the helicopter to measure, every 0.2 s, the terrain clearance.

The position of the t  ransmitter, receiver and magnetometer (when the GPS is

not present) are calculated by using the nominal distances of the system.

As mentioned above, navigation data are automatically filtered and averaged.

In general, the results of the automatic processi ng are checked using profile
plots of flight time versus data value (altitude, voltage data, etc). These plots

can include also other quality control parameters as flight speed, topography,

etc or system parameters as transmitter current, transmitter tempe rature, etc.
(figure 3.4a).

An integrated interactive GIS map allows defining the location of the helicopter

(figure 3.4b).
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Figure 3.4: (a) Integrated plot of navigation data. Raw altitude data from the altimeter are

shown in red, the  processed and transmitter altitude in brown. The h elicopter speed is light -
blue; (b) the area of 2007 VTEM survey on Google Earth, with a red dot defining the position of

the helicopter.

When combined with proper GIS themes, this generally enables explanat ion of
the majority of data features, for example a sudden increase in altitude and

relatively coherent noise is caused by the helicopter crossing a power line,

road, or railway, and poor reflections can be caused by the helicopter traveling

over a forest.

A correct estimation of the altitude of the EM system is necessary, especially,

in highly resistive areas to distinguish the ground from air and to prevent

shallow false resistive artifacts in the inverse models. At the same time, the

flight altitude isi ncluded as an inversion parameter with a priori value and an
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accurate measurement helps to stabilize and speed up the inversion (Auken et
al., 2009).

3.5.2 Voltage data processing

There are 3 categories of voltage data according to their processing stage:

1. instrument data that consist in stream un -stacked transients from the
receiver (both VTEM systems, operating at 30 Hz, measured 30
transients every second);

2. raw data that consist in stacks of transients and their binning according
to decay sampling scheme specific of each system (both VTEM systems
record the data at a sampling rate of 0.1 s, this means that every
transient of raw data is obtained from the stacking of 3 transients of
instrument data);

3. average data that consist in averages of raw data stacks.

Some processing procedure are applied over the first 2 categories of data

using some proprietary software algorithms developed by Geotech Ltd. Mainly,

they consist in the compensation of the data for the primary field, in digital

filtering processes tor  educe noise level and in data leveling.

Other corrections, applied by the contractor using proprietary software,

concern the variations in the transmitter current and the drift in the
transmitter and receiver electronics that result from changes in tempera ture,
humidity, and pressure. Both effects may significantly influence the measured

data.

Transmitter current can be monitored and system drift can be estimated from
measurements made at high elevations not influenced by the earth.

The average data are ob  tained using the Aarhus Workbench software package.

The voltage data required a lot of manual processing, even though filters have

been designed to help cull disturbed data. This occurs especially in areas with

a significant amount of man -made structures,  such as pipes, power lines and
metal fences. In these areas capacitive and galvanic phenomena affect the

data, which have to be removed entirely from the raw stacks. Danielsen et al.

(2003) describe the physics of these phenomena in detail. The detection o f
galvanic coupling is not considered viable through a designed filter as the

signal level is simply raised and does not shows oscillation. The capacitive
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coupling, instead, shows oscillations and sign changes in the EM transient and

for this reason is sim  ple to detect and is easy to design an appropriate filter.

This filter search the oscillations and the sign changes within the time interval

where a useful signal is to be expected, this means starting from the first gate

until the signal reaches the noise floor.

The data averaging of raw data stacks, performed by the Aarhus Workbench,

responds to two different issues. The first is related to S/N ratio: the

averaging allows, in fact, an improvement of data quality. The second
considers the spatial distance between the soundings. Both VTEM systems fly

at a speed equal to 22 m/s and the data are recorded every 0.1 s. This means

that the average distance among two sounding s is 2.2 m. This short sounding
distance does not produce an increase of lateral resolutio n, but it results in a
high level of information redundancy.

The standard approach for AEM data uses the same distance at early and late

times in which the data are averaged. The limitations of this approach are that

it is not possible to maintain a high r esolution at early times (corresponding to

the near surface), where the S/N ratio is usually high and , at same time , a
reasonable S/N ratio at late times (corresponding to a large penetration

depth). These limitations can be overcome using a trapezoidal wi ndow to
average the data in order to average less the data at early times than those at

late times.

Using a trapezoidal window is justified by the nature of the electrical fields

itself in the ground. At early times the current is in the upper layers of th e
ground and according to the Asmoke ringso
footprint is smaller than that at late times. Based on this observation it makes

sense using different average windows. In this way, is maintained an optimal

resolution for the s hallowest resistivity structures, where the current system in

the ground is relatively small and the S/N ratio is high, and is obtained a
reasonable S/N ratio at late times, preserving a good depth penetration (figure

3.5).
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Figure 3.5: The principle behind the trapezoid shaped averaging core, in which data are
averaged over larger time spans at later times to maintain as much lateral resolution as
possible at early times while maintaining a high penetration depth (Auken et al. 2009).

The width of the  trapezoidal filter is chosen as narrow as possible for the early
times in order to get the highest possible unsmeared resolution for the
shallowest structures, while it is enlarged at late times to improve the S/N

ratio and achieve the desired depth of pen etration without losing lateral
resolution. This involves that a unique scheme, useful for all the systems and

all the data, is difficult to define.

Usually, the user proceeds by attempts. It sets out an outline for the filter,

then the data are processed and the user, comparing raw data and average
ones, decide if the results are acceptable. In this case, for the two VTEM
systems, | have defined 2 trapezoidal filters with different widths.

| set the trapeze sounding distance at 1.5 s and considering the h elicopter
speed, that is 22 m/s, this means that the averaging produces a sounding
every 30 -35 m (figures 3.6a, 3.6b).
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Figure 3.6: Trapezoidal filter settings employed for 2013 survey (a) and for 2007 survey (b).
1.5 s is the time distance of the averaged soundings (corresponding to 30 -35 m distance per
sounding) with  the time widths of the trapezoidal filter.

Another output of the average process is the calculation of the standard

deviation associated at each gates. In the import phase at all the raw data is

assigned a uniform standard deviation of 3%.

Subsequently, the automatic stacking soundings were displayed in a number

of different data plots. The main aim of this phase is assessing the late time

data points and deciding if higher unc ertainty should be ascribed to these data

or if they should be removed entirely from the dataset. These decisions are up

to the user through the evaluation of the decay curves, noise measurements

(if available) and spatial distance from potential noise sou rces. Generally is

normal to cull data when the Earth response reaches the background noise

level. Random noise, after stacking, falls proportional to t

values normally varies between 0.1 and 10 nV/m

12 and its effective
2. Clearly, the early

measurements are many times higher than the noise level (Christiansen et al.,
20009).

3.5.3 Fast smooth LCI inversion for post -processing of
voltage data

A fast inversion represents the last step of the data processing. The aim of this

inversion is to check if further manual processing is required. This operation

can be useful both in situations where a large part of the data are culled
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because of coupling and in situation where the main noise source is the
natural background noise. In this work, | used the Laterally Constrai ned
Inversion (LCI) algorithm (Auken et al., 2005) to find and remove any outlier

data that, for some reasons, have not been eliminated during the automatic

and manual previous processing. Such data usually occur at late times, where

the S/N ratio is low. As | will show later, some effects can be found also at
early times. Both can produce some artifacts in the resistivity models with the
presence of unrealistic conductive/resistive layers and at same time they
compromise the misfit between the forward resp onse and the measured data.
In this study, all the processing steps, as well as the fast LCI inversion, were
performed on the two datasets from the two VTEM systems separately.

Figure 3.7a shows an average sounding from 2007 VTEM system, also
nto late time apparent resistivity (Rhoa) (figure 3.7b) with

The solid

transformed i

different time gates, each with the associated error -bar. line
represents the forward response. As it can be seen, the forward response

matches the data within the noise level.
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Figure 3.7: (a) Averaged sounding from 2007 VTEM system with different time gates and the
-bars. The solid line represents the forward response. (b) averaged sounding

associated error

transformed into late time apparent resistivity. As seen, the data

are generally well fitted, but

an evident discrepancy between the forward model and measured data is observable at a late
time (the green dashed circles highlight the last gate that is not correctly fitted).
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Only the last gate, highlighted by the green da shed circles is not correctly
fitted. For this gate, you can act in two different ways: the first consists in

removing completely the data; this operation can involve a loss of resolution

and a reduction of the investigation depth. The second approach cons iders an
increase of the standard deviation associated with the data. In fact, the
standard deviation enters in the inversion scheme and is used to weight the
individual data. This means that data with high standard deviation does not

provide much informat  ion on the subsurface structure recovered by inversion.

The geophysicist, processing the data, decides which gates are kept or

discarded and if greater standard deviation could be associated to them.
At early times, the main problem is related to the prese nce of the residual
primary field. The primary field present during the on -time can extend into off -

time, overpowering the weaker secondary field.

In this case the current in the transmitter loop is not completely extinct and

the earliest time gate will be contaminated if current continues to flow in the
transmitter loop while they are being recorded. Because currents take longer

to decay in big loops, this problem is exacerbated with larger moment
systems. Moreover, this problem is typical of concentric co il system (systems
that are not null - coupled).

This effect, known as bias effect (Macnae et al., 1984), results in high signal

level for this gate, signal that cannot be associated to the earth response. The
consequence of bias effect is that the early ti me gates are not fitted by the
forward response and the model can show a thin shallow conductive layer.

This phenomenon can be present during all the survey and can affect the early

time gates. The evidence of this effect, which can be considered constant,
depends on the conductivity of the ground.

Conductive earth, producing a strong secondary field, tend to mask this effect
(figures 3.8a, 3.8b) while it becomes predominant for resistive earth and can

affect several gates, producing a significant change i n curve inclination during
the early times (figures 3.8c, 3.8d).

I noticed this effect especially for the 2013 VTEM system.

Both figures, in fact, show two average sounding from 2013 VTEM system and

their forward model, expressed as dB/dt (figures 3.8a, 3. 8c) and Rhoa (figures

3.8b, 3.8d). The apparent resistivity plot of figure 3.8d shows very clearly the
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fictitious shallow conductive layer. The forward response also over -fits other
gates, in order to fit the biased gates.
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Figure 3.8: (a -c) Two averaged soundings from 2013 VTEM system with different time gates

-d) Averaged
y time gates are not

and the associated error -bars; the solid line represents the forward model. (b
soundings transformed into late time apparent resistivity. As seen, the earl
well fitted by the forward response.
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Usually a bucking coil on the frame is used for primary field compensation,

however no other procedures of filtering and pre -leveling of the raw data allow
recovering biases gates. The practice invo Ives removing these early time gates
from the subsequent inversions in order to eliminate this shallower conductive

artifact from the output resistivity models at cost of losing near -surface
resolution. This can easily be done in the inversion setting wind ow.

In general, a compromise between the number of removed early time gates

and the desired shallow resolution is needed.

3.6 Spatially Constrained Inversion of 2 VTEM
datasets

After the fast LCI inversions to post -process the data, both datasets of the two
VTEM systems were inverted separately using the quasi 3 -D Spatially
Constrained Inversion algorithm (SCI; Viezzoli et al. 2008). SCI is a full non -
linear damped least squares solution, in which the transfer function of the
instrumentation is modeled. The system transfer function includes transmitter

current, waveform with turn -on and turn -off ramps, repetition frequency, loop
area, gate times, low pass filters and system altitu de.

In the SCI scheme the model parameters for different soundings are tied
together spatially with a partially dependent covariance, which is scaled
according to distance (Viezzoli et al. 2008). Models parameters are
constrained spatially to reflect the lateral homogeneity expected from the
geology (vertical and horizontal layer resistivity, boundary thickness, or

depth). Constraints set boundary conditions and delimit the allowed variation

of the parameter values within a defined deviation. The flight al titude is also
treated as an inversion parameter. The measured value is set as a - priori
information and an uncertainty is associated to it. Usually this uncertainty is

not greater than 10% of the a -priori value. This allows the inversion to move

the altitu de around its correct value, not compromising the validity of the

model. It can happen, in fact, that a good misfit is found moving considerably

the flight altitude, obtaining an unreliable inverse model.

Another output that can be calculated during the in version is the depth of
investigation (DOI). The DOI represents the maximum depth at which there is

sensitivity to the model parameters (Christiansen et al. 2012), in other words

109



Chapter 3; Joint inversions of two VTEM surveys using quasi 3D TDEWedr@hl Magnetic
Soundings algorithms: the case study of the Broken Evil prospect, Ontario (CANADA)

each model parameter lying significantly below the DOI should be disregarded
because its value is poorly determined. Considering a simple model with a
conductive overburden over a resistive basement, the DOI lies at the interface
between these two layers discerning the upper well -resolved parameters from
the lower poorly ones.

The DOI is superimposed to the resistivity models to crop the average
resistivity horizontal maps, and as fading colors below the DOI on the vertical
Cross sections.

The SCI inversions of the two datasets were performed using a layered
homogeneous half -space wi t h a starting resistivity
smooth approach the models are discretized by 25 layers with fixed thickness.

The maximum depth of the model (from 0 to 500 m) is chosen according to

the penetration capability of the system and the thickn ess of the layers
increases logarithmically with depth, starting from few meters in the shallow

part of the model. Vertical constraints (equal to 3, it means that the resistivity

is allowed to vary by 200% between two adjacent layers) are added on
resistiv ity values to stabilize the inversion, for example to remove fictitious
layers especially in models based on a small number of data points. Moreover,

the smooth inversion allows the use of lateral constraints, applied to the
resistivity values to take into account the lateral variability in layer resistivity.
In this case | used a value equal to 2 (allowed variation of 100%) with a
reference distance of 30 m, to take into account the soundings distance (~30

m) and a power -law dependence of 1 (linear).

The choice of using a smooth approach, that has advantages and
disadvantages as described in Section 1.5.2, to discretize the model is related

to the geological complexity of the study area. In this case, the delineation of

layer interfaces with associated res istivities and thicknesses can be misleading
while gradual transitions in resistivities can facilitate the delineation of
complex geological structures.

The two SCI inversions carried out on the two datasets from the VTEM
systems have provided a total data residual less than 3 for both datasets.

The data residual, that is dimensionless, is defined as a Root Mean Square
Deviation between the measured and the calculated data normalized to the

noise for each data (Auken and Christiansen, 2004).
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Values lower th an 1 indicate that the modeled data fit the measured data

within noise level. Values higher than one can be due either to strong 3D

effects, or to noisier or less accurate data.

In particular, the data residual for the 2007 system is lower than that obtain ed
for the 2013 system.

In both cases, the obtained misfit is considered acceptable for various reasons.

First of all, the existence of 3D effects that have been treated with 1D
approach. Secondly, the existence of bias effects at early times data, even if I

have decided to omit the first five gates for the 2013 VTEM system.

3.6.1 Joint SCI Inversion of 2 VTEM datasets

The 2 VTEM surveys over the Broken Evil prospect were flown in 2007 and in
2013, both at 200 m spacing. Together, the surveys create an area of 1 00 m

spacing (figure 3.9).

Extent of SCIj , sion

Figure 3.9: The extents of 2007 and 2013 VTEM survey and SCI joint inversion plotted over
bedrock geology of the area under study.

The EM data inversion of the two dataset over the dashed yellow area was
carried out in a joint approach using SCI algorithm (Viezzoli et al., 2008). The
data misfit is still satisfactory (average below 3 (dimensionless)), but all maps

and resultant conduc tivity models contain linear artifacts parallel to the flight
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lines in correspondence to the different surveys. These effects are evident
although | have set tighter spatially constraints, with a value of 1.7 (70%
allowed variation), with a higher referenc e distance (60 m) and nonlinear
power -law dependence (0.75), to ensure a greater homogeneity between two
adjacent lines.

These artifacts are indicative of imperfect calibration between the 2 VTEM
datasets.

Christiansen et al. (2011) show n the effectsint he inverse model of inaccurate
system description in the 1D forward modeling of AEM data.

They described the most important processes that need to be applied to obtain
accurate TEM data ready for modeling and inversion. These include, in addition

to those previously described, any processes related to a correct calibration of

the airborne system: the correction of any timing errors between the
transmitter and the receiver electronics and calibrating data amplitudes.

The time between the current extinction a nd the first time gate may only be
poorly determined (zero  -time is usually defined at the beginning, at the end of

the current turn -off ramp or at the end of the linear part of the ramp). An
airborne system that is not correctly calibrated can produce a sy stematic error
on the amplitude of the measured data.

Following Christiansen et al. (2009), an EM system may be calibrated in a
relative or in absolute sense.

A system is calibrated in a relative sense when the measured data are
compensated for the primary field through high altitude measurements and
when the data between adjacent lines are leveled, performing some
measurements along tie  -lines perpendicular to the flight lines.

The absolute calibration can be performed in the laboratory, at a well -
understood test site (Foged et al.,, 2013) before the equipment is used in
surveys or its performance may be compared to that of a well - calibrated
instrument at the investigation site. Calibrating an EM system means applying

a time -shift to the center time of the gates and a data level shift to the db/dt
measured data for the individual TEM systems.

After calibration, the different systems could reproduce the reference response

within a low range of error at all time -gates.
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The different time -shifts come from  variations in transmitter -receiver delays
and minor variations in waveforms and low -pass filter cut -off frequencies. The
factor shift is assumed to come from inaccurate current measurements by the
transmitter.

The calibration of the VTEM systems is usuall y relative rather than absolute
(Christiansen et al., 2011).

The imperfect calibration of the two VTEM systems, studied in this work,

results in an amplitude shift between soundings, measured at same position.

To show that, | have selected one sounding of 2007 VTEM system and one
sounding of 2013 system, over an area of overlapping of the flight lines (figure

3.10a) and | have plotted the two extract soundings on the same graph

(figure 3.10Db).

(b)

@

Figure 3.10: (a) Area of overlapping of the flight lines (red for 2013 survey and blue for 2007
survey). The yellow arrow indicates the position of the two extract soundings that have been
plotted on the same graph (b).

In this phase, it is impossible to obtain an absolute calibration of the two VTE M
systems. | have therefore decided, in order to reduce the strip ping effects in
correspondence to the different surveys, to calibrate the two systems each

other.
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