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Introduction , scope andresults of the thesis
The research on which this thesis is founded was developed with the purpose of improving the
resolution of Airborne Electromagnetic (AEMjesults used to target and map subsurface
conductivity structures. Most of the theory surrounding EM is well estaoljshut for high
resolution mapping and calibration of acquired data, there is still room for improvement, and this
provided the inspiration for the present dissertation.
Several countries have acquired, over the past decades, large amounts of areg Aobenine
Electromagnetic data. The original applications were most often for promoting mineral exploration
but in the last three decades, airborne electromagnetic (AEM) systems have been used for many
groundwater exploration purposes. This contributbrairborne geophysics for both groundwater
resource mapping and water quality evaluations and management has increased dramatically over
the last 10 years proving how those systems are appropriate forstaige and efficient
groundwater surveying. Oné the major reasons for its popularity are the time and cost efficiency
in producing spatially extensive datasets that can be applied to multiple purposes.
As an exampleni Canada many electromagnetic surveys are proprietary, and few of these data are
public domain, duly compiled in accessible databases. Some are well described, documented and
stored, others miss crucial parts of ancillary information. The type and quidtity data also varies
significantly from ol der dat as et (®thdr magmetictaide 90
both in frequency and time domaitMany AEM surveysvere flown with different purposes over
the past 40. The significant developrtseem data processing and modelling of the last few years,
accompanied by novel approaches to integration of multiple datasets of different types, are driving
research in revisiting these existing datasets. One approach to reconciling multiple dattesets, d
from different systems, or different generations of data is through calibration and/or joint inversion
of extensive lessobust data with less extensive high quality data.

We start with processing and inversionwbd AEM dataset from two different Sgsns:



1) the AeroTEM Il datasetcommissioned by the Geological Survey of Canada in 2010 as part of
anburied valleysaquifer mapping campaign for the Spiritwood Valley in Manitoba, Canad&?)

the AFul I Waveform VanEtdsied a/ethe Spiriwoqd Valey lareadudng e d
the fall 2011 In fact, this system was develop@&dorder to improve the shallow imaging capability

of the VTEM helicopter EM system, obtaining more accurate ¢inky data

l'tos well k n o wwried wdleys aré iempodantihydeogeoldyiaat struztures in Canada
and other glaciated terrainthat providesources of groundwater for drinking, agriculture, and
industrial applications. Hydrgeological exploration methods such as pumping tests, borehole coring,
or groundbased geophysical methoa®ne(seismic and electrical resistivity tomography) provide
limited spatial information and are inadequate to efficiently predict the sustainability of these
aquifers on a regional scal®n the contraryarborne geophysics can be used to significantly
improve geological and hydrogeological knowledge on a regionkd. sca

As one of the mairachievements of this study,evdemonstrateéhat in the presence of multiple
datasetseither AEM and ground datdue processing, inversion, pgsbcessingdata integration
anddata correction (calibrationg the proper approactagable of providing reliable and consistent
resistivity models The output model can then lmgerpreted for geological and or hydrogeological
purposesand, in turn, itcan be of interest to many end users, ranging from Geological Surveys
Universities to Private Companies dealing with hydrogeological mappingn general, he
deliverables from contractors often include raw data and Conductivity Depth Images. These are
imaging products based on approximations, and not a full inversion based on accuraté forwa
modelling. As such, they can be inadequate for providing accurate rendering of the subsurface
resistivity variations required for rigorous hydrogeological mapping. Also, processing of the data
used as input for the CDIs can introducefacts examplefiit fails to address correctly, for
example, system bias, noise levels, or coupling with infrastructure. We therefore set to a complete
reprocessing and inversion of the raw daiahisthesis,the reader is conducted through the entire

AEM data handlig workflow, which involves data processing and invensi



As is known,very raw data are always influenced by electromagnetic coupling tocnnaae
structures. Such noisy dateeed to becarefully culled from the dataset to avoid uncoupled data
being distorted by coupled data which would directly affect inversion results. Appropriate modeling
of the waveform, time gates, transmitter area, number of turns, etc. (all part of the sysséen tran
function) are of primary importance when attempting AEM data invergidhe system transfer
function is not model ed accurately, the erro
geometry related parameterBhese data wer¢hen used as inputo a Spatially Constrained
Inversion

Despite careful processing, examination of preliminary inversion refsoits both AEM datasets
reveal several inadequacies in the recovered modeEM data often suffer from significant
inaccuracies in thearly-time or neatsurfacedatai a problem that can lead to errors in the inverse
model or limited neasurface resolution in the event that early time gates are removed.

In this studywe investigate the general assumption that data integration, or @iiobiof several
complimentary types of geophysical data collected over the same survey area, can improve
inversions, reduce ambiguity and deliver high resolution results for the verguréace However,

data integration is a loose term in the geophasiterature.For instance, xasting examples in
literature where knowledge from high resolution reflection seismic data is used to improve airborne
time-domain electromagnetic data inversion are few and far between.

To this end, eflection surfacepicked from highresolution seismic reflection data are used-as a
priori information to define layer depths in the inversiorboth AEM dataset This leverages the
high-resolution architectural nature of the seismic data against the material propsitiyisenf

the AEM data and results in consistency between the data sets, but does not necessarily yield an
inversion result that is in agreement with geological knowleddding a priori from seismic data
resultsin improved neasurface resistivity ané more continuous bedrock layer with a sharper
contact.Moreover, bedrockessmic constraints reduce uncertainty in the resistivity values of the

overlying layers, although negiori resistivity information is added directly to those layers.



For the VIEM results, peliminary inversion showed margin for improvement in the rendering of
the shallowest layers. It was found that the description of the waveform used was not accurate. The
modelling was therefore revisited redefining the waveform descriptitimo?V TEM data using the

ERT as a reference mod€uantitative application of ERT results as constraint information is not
as straightforward as for the seismic data since layer boundaries are not well defined from ERT.
The VTEM model was calibrated toettsupporting data via a small tirshift in the VTEM data

gates relative to rampff. The source of the time shift was attributed to timing or-affrerrors,

but the calibration procedure is independent of the source of noise. The calibrated VTEM model
exhibits detailed delineation of the very near surface and other resistive anomalies associated with
the valley fill. Many of the issues described in this paper could be relevant to other AEM datasets
collected over the world. The suggested approach cappiéeed to any airborne EM dataset for
which some reference model can be established.

This is a pragmatic approach in that we do not attempt to identify the source of timing error, but
rather, consider recovery of a consistent and acceptable mgdstiisation of the procedure. It is
important to note that the reference model should be of high quality and that any errors or
uncertainty in the reference model will be propagated to the calibration and the recovered models.
In this approach, weuse boh modelspace constraints anderative modeland dataspace
calibration based on ancillary information from other survey types. We further combine the time
shift calibration with the seismic bedrock constraint and we obtain more structure in thefilalley
sediments and increased consistency of the bedrock contact.

The result is a model that benefits from the reaface resolution of the ERT and a methodology
that can be a applied to the entire HTEM survey area.

Cdibration procedure is adapted frohat applied in Denmark to AEM data using reference models
derived from ground TEM dat®8y applying calibration to an entire data set, the advantages of the

regional extent and high spatial density of AEM can be fully utilized. Consistency across data sets



results in increased confidence in the near surface model that is critical for groundwater mapping on
which management decisions are based.

With respect to the calibration time shift, there are several issues in Airborne TEM data collection
that canpotentially affect the correct location of data gates with respect to the transmitter
waveform, especially at early time. These include transmgtiver synchronization, imperfect
bucking of large primary fields or parasitic capacitance. There carbalaodegree of subjectivity

in choosing to use rampif as a time reference for the receiver data gates. As a result, there can be
a significant amount of current still flowing in the transmitter loop during the earlynodf gates. It

is unlikely that asingle optimal timeshift exists for a large data set with multiple flights, although
our utilization of a time shift obtained over one line of collocated data produces acceptable results
surveywide. The entire processing and calibration procedure @tf its model independent and
should work in all geological domains of the survey area.

All things mentioned above do not constitute the only goals of this study. We attempted to move
further from the data processing and inversion itself. therefore, wdedeth use the final, most
reliable resistivity models as a solid basis for a knowlettgeen 3D geological modelingn
addition,the impact of an AEM dataset towards hydrogeological mapgmag3D hydrogeological
modelling comparing it to having only ground based TEM dataset (even if large and dense),
andor to having only boreholess also described in deétaFrom the latterwe describe the
shortcomings in hydrogeological interpretation and management that could have arisen if the AEM
survey had ben substituted by a ground TEM survey in the same &reguut resistivity models
andthe derived 3D geological modelearly reveal how the mapping of hydrogeological features,
like main buried valleys as well as minor valley networks, could be indecamd poorly detailed

in terms of structures morpholog®n the contrary, AEM provides, rapidly and cost effectively,
robust results in terms of aquifer geometry and vulnerability mapping, much detailed 3D
hydrdgeological model, all things that concur being solid basis for i.e. subsequent flow

modeling.A 3D Voxelbasednodel of theAeroTEM survey data was realized and presented in this
10



dissertationFor the VTEM dataset, evalso present a 3D voxel model obtained with the original
VTEM waveform in order to illustrate how the voxel models would have differed in terms of
derived hydrégeological interpretationFidelity of electrical resistivity derived from the AEM
inversion is ofgreat significance when attempting to assess the hydrogeological importance of
geological units.

A voxel approach allows a quantitative understanding of the hydrogeological setting of the area,
and it can be further used to estimate the aquifers volunmenfml amount of groundwater
resources) as well as hydrogeological flow model. HerBodelling was carried out in two steps:
first, 3D surfaces were previously interpreted and interpolated based on AEMTEM)
resistivity grids and, subsequently, seasurfaces were used to constrain tielBhological model.

Since different resistivity values are due to variations in filling materials (higher resistivity for
coarsegrained materials and lower resistivity for firdayey ones), each lithology wergerpreted
based on picked resistivity values directly from AseoTEM resistivity grids.

Differences in theutput 3Dgeological models araighlighted in detailln general wdearned that

the 3D geological model derived from a AEM datasetches all available ancillary information
(ERT, seismic, boreholes, prigreological knowledge Conversely,un-calibrated AEM dataset

give rise toinaccurateand unreliable 3D geological moder many reasons, including a) artificial
ubiquitous shaller conductive (clay)cap cover that would prevent surficial recharge, shows, b)
erroneous depth estimate of buried valleys, c) overestimation of aquifers porosity. Extraction or
management of the GW resources based on this model would most likely brintcames
consequence®ngoing development within the AEM world is increasing the value, relevance and
applicability of this methodologymprovements or revisiting of hardware, modelling, procedures

deployed for the task and interpretation, they are aliritting towards this result.
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Chapter 1
A review of EM theory, airborne EM systems, and data inversion.
Introduction

A brief summary is provided below of basic EM theory, the wide range of applications for
Airborne EM systems, together with some information regarding AEM data inversion. The purpose
is to establish a adequate conceptual foundation to understand deve®pmairborne time
domain electromagnetic prospecting. Perhaps, it is important to comprehend EM fields, depth of
penetration, and transition waveforms in order to optimize the choice of AEM system for different
surveying context s.m tihabassddr electsomagreptisia and ot rwsuld oe r
pointless to repeat here what other well known authors have already explained (Grant and West,
1965; West and Macnae, 1991, Nabighian, 1998a; Nabighian, 1998b; Wait, 1982). Reviews of EM
geophysical methodsyith extensive bibliographical references, were also published recently by
Christiansen et al. (2009), and Nabighian and Macnae (2005). Having premised the above, this
chapter will outline only the basic elements required for an explanation of EM, gatticular
Airborne TEM systems, and Airborne TEM data inversion. This will serve as a foundation for the
discussion of further parameters in greater detail in the following chapters. Geophysical inversion is
a methodology for estimating the consistencyEafth model(s) parameters with a geophysical
observation set, also taking data noise into consideration. This can be approached from two main
perspectives which can be termed deterministic or probabilistic. Both approaches tend to generate
comparable redis (cf. Brodie 2013). However, in this work a deterministic methodology for data
inversion is applied, and summarized below. An outline is provided for a laterally constrained
(Auken et al., 2004), and spatially constrained (Viezzoli et al., 2008) iomstsMany different
types of data have effectively been processed using one dimensional spatial and lateral inversion
techniques. Examples include vertical electrical soundings (Auken and Christiansen 2004; Auken et

al. 2005a), seismic surface waves (Wissmd Christiansen 2005), transient electromagnetics
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(Auken et al. 2008; Viezzoli et al. 2008), frequertmmain electromagnetics (Monteiro Santos
2004; Brodie and Sambridge 2006; Triantafilis and Monteiro Santos 2009), magnetic resonance
soundings (Behroozand et al. 2012a), and time domain induced polarization (Fiandaca et al.
2012Db, Fiandaca et al. 2012a). Since the aim of the present chapter is to provide an overview,
without presenting any innovations in EM theory or inversion, there is an intentidasdky
number of references to all the most important works by the many scientists and researchers in this
field.

How the time domain electromagnetic method works

A transient magnetic field is generated by varying the flow of current around a transmitter
loop. The high aksurface impedance causes the primary EM field to diffuse downwards in the form
of a plane wave. By abruptly interrupting the current in the transmitter loop, it generates very
marked variations in the magnetic field which in turn irekian electromotive force (emf) in the
medi um according to Faradayods Law of inductio
of change of the primary magnetic field in the conductor. Therefore, a current is induced in the
conductor like concentr horizontal eddy currents resembling smoke rings which run below the
transmitter and diffuse through the medium (Nabighian, 1979). Over time the ground resistance
weakens the current (generating heat) and shifting the maximum current density outvdards an
downwards, so that the current density is increasingly weaker. Therefore, currents decay over time
and diffuse in depth,as function of ground conductivity, a process that occurs more slowly in highly
conductive ground compared to poorly conductive gtdofwhere currents diffuse and decay more
quickly). A coil receiver sensor is used to detect the secondary magnetic field generated by the
induced currents. The rate of change of the secondary magnetic field, induces a voltage in the Rx
coil which is measred as a function of time . The depth of the diffusion phenomenon is called the
diffusion depth, and is calculated by relating time t (from the source impulse) to penetration depth
d. Diffusion depth is defined as the distance over which a primary fiefditade is reduced by a

factor of Ae (Keller and Zhadanov, 1995).
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The eddy current generated in the ground, immediately after th@pxcurrent is switched
off, is effectively a ground image of the transmitter loop. It is close to the surface and the
conductivity of the uppermost layers strongly influences the measured signal . As the current
penetrates deeper into the ground the measured signal provide information on the conductivity of
the lower layers. In this way, the receiver coil will thereforevtes information on conductivity
as a function of depth; this is a TEM sounding. The bandwidth of the system does not correlate
directly with the systemds base frequency (wl
and instead is largely deteined by the frequency range of the primary EM field. The latter is not
easy to establish, and to overcome this difficulty most TEM systems implement a lineaff shut
ramp for the current (Raiche, 1984, Fitterman and Anderson, 1987). The length ofrdi@is
inversely proportional to the high frequency bandwidth. A long linear ramp has the effect of making
early time responses resemble a step response. A short linear ramp instead retains the characteristic:
of an impulse response (West et al., 198wever, instantaneously shutting down a current in a
loop is highly problematic because a plethora of self inductance, back currents, and other
phenomena occur with the result that the current is effectively not off. By implementing a short
linear ramp itstill provides a limited bandwidth, but the signal contains the highest frequency range
for the shortest possible off time.

fiThe sensitivity of the step response to the shallow resistivity distribution is inferior to that
of the impulse responsendicating that a short ramp is preferable for environmental
i nvest i(Sgransdn @tnak, 012). Transient systems must be capable of handling the great
variety of the earthos responses and so the
the transmitter current (waveform with a linear ramp off) induces high frequency harmonics in the
primary EM field, resulting in early ofime gates, which is appropriate for mapping near surface
resistivity. Conversely, an extended, gradual shut offhef ttansmitter current results in deeper

ground penetration, inducing secondary currents mainly in any good conductors.

14



In the receiver coil, TEM measurements are taken at frequent time windows, referred to as
fitime gates. The early time gates are vergrrow because they occur when the transient voltage is
changing rapidly, especially for highly resistive ground with dwalues. The later gates occur
when the transient voltage is changing more slowly and so they are much longer. The early time
gates this provide information about the near surface, while late time gates provide information
about the deeper subsoil. The gates are spaced with a logarithmically increasing time period in order
to minimize distortion of the transient voltage and improvedigaal/noise (S/N) ratio at late
times, a method calldidog-gatingd (Munkholm and Auken 1996).

Basic equations used in EM theory

To date, the mathematical expressions defining the components of the EM field are very
elegant, but it is still extremely difult to arrive at a numerical evaluation. A thorough treatment of
the mathematical theory of EM induction is provided in Ward and Hohmann, 1988, and West and
Macnae, 1991. There are two measurable components of the EM field: the electric field and
magnett field. These are not simple functions of spatial location but also involve time or
frequency. An EM field is a manifestation of the distribution of electric charges within a medium

and it can be expressed in the differential f
na3E q

El ectromagnetic phenomena are governed by
(1831:1879) managed to integrate the existing theories of electric, magnetic, and electromagnetic
induction and defined an elegant set of differential equatidi®re are four fundamental
constitutive relationships that define the response of a medium to a variety of electromagnetic
inputs. The relationships between electric field E, current J, and electric displacement D are
described in two of these, while acead pair describe the relationships between magnetic field H,
magnetic induction B, and magnetic polarization M. In quantitative terms, these four constitutive
relations are:
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J=0E

D=(E
B=pH
M =cH

where 0 is electric conductivity (Grant and W 1965),U dielectric permittivity, ¢ magnetic
permeability, andec magnetic susceptibility. The four parameters comprehensively describe the
electromagnetic properties of a material. The first relation is effectively theestalblished Ohfs

law in a mcroscopic context. According to Maxweél laws, an alternating current induces
secondary currents in a conductive earth. These secondary currents in turn generate secondary
magnetic fields, measurable using EM receivers. The primary field source camared with the
secondary fields in order to quantify conductivity (i.e. frequency domain methods). Alternatively,
the secondary field can be measured in the absence of a primary magnetic field (i.e. time domain
methods, as described in the following sactdf this chapter).

The coupling between the E and H fields is de

O=H— UV (Ampereds | ®wy— @Rdradayods | aw)

The way in which an electric current can generatenainiced magnetic field is described by
Amperes law. If the electric field E is unstable and varies over time then there will be an additional
current in the medium known as the displacement current, proportional to the variation of the
electric field E. This proportional factor is known as the dielectric permittiitConsequently, an
additional contribute, dD/dt, acts to induce the magnetic field H. Since the displacement current acts
in exactly the same way as the conductive current J, the total tcwrlidve J+ dD/dt

The Maxwell Faraday equation is a generalization of Faraday's law, stating that any magnetic field
that varies through time will be accompanied by a spatiatying, nonconservativeslectric field,

and viceversa. The emf induced in a coil is equal to the negative of the rate of chaiinge of

magnetic flux
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AEM systems

A small exploration company called Stanmac collaborated with McPhar Engineering in
1946 to develop a portable ground EM system that was towed by a tractor over frozen lakes. A
forward trailer carried a transmitter with a receiver on a rear trailer 60 tmefubehind. The
following year a similar arrangement was designed for flight, with a transmitter mounted on a
wooden Anson aircraft with the transmitter dipole axis horizontal and transverse to the direction of
flight, referred to as the y transmitter sxiThe receiver was towed behind on a sort of glider
referred to as a fibirdo. The successful testi
of airborne electromagnetic surveying (Fountain, 1998). An AEM survey was subsequently
conducted in 953 by Inco and led to the discovery of the Heath Steeleleatbcopper and silver
deposits. This was the first discovery made directly from an AEM survey and the method was soon
widely used and a variety of other related systems were developed.

Startirg from 1997, various reviews have been published regarding airborne electromagnetic
surveying (Fountain, 1998; Witherly, 2000; Fountain and Smith, 2003; Nabighian and Macnae,
2005, Fountain et al., 2005, Thomson et al., 2007, Allard 2007, Sattel 2009).

AEM systems vary by their features, sizes, and fields of application, but they can be divided
into two main categories: fixeding plane and helicopter based, implementing both frequency and
time domain systems. The primary magnetic field in frequelmyainairborne electromagnetic
systems is generated by a sinusoidal current flowing through a transmitter coil at a specific
frequency. The primary magnetic field induces eddy currents in the subsurface, which in turn
generate a secondary magnetic field thaiiegaaccording to the distribution of ground conductivity.

The receiver coil picks up the secondary magnetic field and it is compared to the predicted primary
magnetic field at the receiver coil. The primary field is much stronger than the secondaryitand so
is generally bucked out, with the secondary field measured in parts per million (ppm).

Time-domain airborne electromagnetic systems operate by abruptly shutting off a current

flowing through a transmitter loop, causing a variation in the magneticgéunerated by the
17



current. This variation i nduces the fl ow of
currents diffuse outwards and downwards into the subsurface. The induced secondary magnetic
field by these currents is measured usingratuction coil, which is generally located near the
transmitter.

The first fixedwing airborne electromagnetic (AEM) system was put into operation in 1948,
followed in 1955 by the first helicopter AEM system (Fountain, 1998). These early systems were
nealty all frequencydomain based, but in the late 1970s, fivadg AEM systems mostly switched
to timedomain systems, while helicopter systems remained mostly frecdencgin. The idea
emerged among geophysicists of creating a hybrid combination of aWirgdime domain AEM
system and a HFEM systems to get the best of the two worlds: combine the high transmitter power
of fixed wing systems depth penetration, while the slower speed and lower altitude of HFEM
systems gives higher spatial and near surfaselution, and they are better for surveying more
rugged t oThedean was the sarfe: update the time domain technology and mount the
system onto a helicopter platform to (Allardat e 1
2007). The powerfufixed-wing systems were generally employed when there was a need for a
large footprint and the capability for deep investigation of discrete conductors, typically for
identifying base metal and uranium deposits for mining. Helicopter borne systems prstaddd
a high level of near surface resolution, which made then very effective for near surface mapping,
but their depth penetration is limited especially in the presence of conductive overburden.
Helicopters are also limited compared to fixed wing esyst as regards the size and weight of
equipment, which effectively also limits transmitting power.

In recent years these systems have seen considerable improvements in data quality, signal to
noise ratio, investigation depth, and spatial resolution. Further technological improvements include
more accurate GPS location, navigation systems, greaterstiatye capacity, and higher data
processing speeds. All this helped in the emergence of HTEM systems, which can be considered the

most important development in this field over the last 10 years. These new EM systems offer
18



important improvements for miredrexploration (Palacky and West, 1991, Fountain et al, 2005),
but the impact of this enhanced tool extends into a wide range of applications, including
groundwater mapping, environmental applications, and others. The key factors for the immediate
succes®f HTEM are its excellent horizontal accuracy (especially with the coincident transmitter
receiver systems), good near surface resolution (in large part due to its wide high frequency
contents), cost effective implementation, and significant depth aftieieexploration. In the years

2000 to 2002, there were two different, independent HTEM systems available commercially: the
AeroTEM (Boyko et al., 2001, Balch et al., 2002) by Aeroquest Ltd., and the VTEM (Witherly et
al., 2004) by Geotech Ltd. Soon aftards two more systems were developed: the SKkyTEM
(Sgrensen and Auken, 2004) by SKyTEM ApS, and the HeliGEOTEM (Fountain et al., 2005) by

Fugro Airborne Survey.

There are two basic configurations adopted by almost all the systems:

- the receiver coils arenj or very close to, the center of the horizontal transmitter loop.
These are called central loop configurations and include the SkyTEM, VTEM,
AeroTEM, and HoisTEM systems.

- the receiver coils are fitted on the towing cable at a height above the horizontal
transmitter loop. These are called vertical separated loop configurations and include the

NewTEM and HeliGEOTEM systems.

Concentric coil systems suffer from the strong primary field induced durisignenwhich
can persist into offime as a high systemansient, 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-Axis receiver coil (Walker et al., 2008). Residual primary field variations are
then eliminated from the-Zxis coil using an algorithm during pgstocessing, which also includes
deconvolution of the system waveform. The SkyTEM system has its receiver Z coil located 1.5 m

vertically above the edge of the transmitter loop in a rauipting position. The receiver X coil is
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located 2 m behind the transmitter loop again in a null coupling position. Thesgthse of the
system, generally called noise or bias, can be very clearly established by flying the system at very
high altitudes where the response of the ground is negligible. It is generally sustained that system
response must be lower by a factor of 50 to 100 than the signal levels detected at operational heights
of about 30 m (Sgrensen and Auken, 2004).

A limitation that mostAEM systems suffer from is the impossibility of obtaining unbiased
earlytime voltage data, making it essential to apply timing and primary field removal (Macnae and
BaronHay, 2010). The earlfime data give information about nesurface sensitivity, wish is
essential for groundwater applications. AEM systems are also complex to design and the acquisition
of AEM data can be impaired by a variety of noise sources from both inside and outside the system.
For example, definition of an absolute thnero carbe problematic in addition (Christiansen et al.,
2011). With the objective to improve nesurface resolution, advancements have been made in
AEM system modeling (Christiansen et al., 2011), and AEM surveys calibration using ancillary
information (Auken eal., 2009; Foged et al., 2013; Podgorski et al., 2013).

Over the years HTEM systems have evolved to satisfy different exploration goals, but
adaptations to any one specific exploration environment can easily compromise the performance of
the system in different setting. One common adaptation is raising the transmitter dipole moment in
order to increase the response amplitude and improve detection of deep conductors. HTEM systems
have also undergone a variety of adaptations in loop sizes, number datitoepand transmitter
current with the aim of increasing the dipole moment. Despite these improvements, the limitations
in equipment size and weight always define a ceiling to the transmitting power achievable with
helicopters compared to fixed wing ssts, with a resulting limit to ground depth penetration
(which is nevertheless always much greater than with any helicopter borne frequency domain
system). If the aim of a survey is to map near surface conductivity, then a lower dipole moment
combined witha faster switch off time represents a reasonable compromise. Over the last few years

the SKyTEM (Sgrensen and Auken, 2004) and VTEM (Legault et al., 2012) development teams
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have strived to improve the performance of HTEM systems for very near surfatdioasas

much as possible (within the high frequency component). As a result, these systems have been
successfully used for hydrogeological surveys when near surface information is crucial for
groundwater mapping. Sedimentary environments exhibiting rateléo high resistivity in the
shallow subsurface represent a particular challenge for achieving satisfactory near surface
resolution using AEM measurements. As is well known,sediace resolution is highly dependent

on the speci fi cytameasure thenearyttile portioa pfatte itrnsient ground
response. The receiver bandwidth and implemented current waveform also significantly influence
the resulting neasurface resolution. An important role is also played by the transmitting current
waveform and base frequency in the intensity of the induced EM ground response (Liu, 1998). Each
system adopts a specific waveform at one or more base frequencies in order to fulfill precise
objectives and strategies.

Sources of noise in TEM data

There are two main types of EM noise, which can be produced by natural sources or from
cultural sources. The noise spectrum from natural sources has daily, annual and geographic
variations. In the following a brief review of the sources is given and a tmor@ugh discussion of
the EM noise spectrum may be found in e.g. Macnae et al. (1984), McCracken et al. (1986) and
Spies & Frischkneckt (1991), while the present discussion is limited to a brief review of the same.
Natural EM noise below 1 Hz is mainligg result of interaction between the earth's magnetic field
and solar plasma arriving from the sun. The spectrum above 1 Hz is of more influence in TEM
soundings with the major source being lightning discharges during thunderstorms. This noise source
can ®riously compromise TEM data quality during summer or the rainy season when intense
electrical storms are reasonably common on a continent scale. The amplitudes are generally 5 to 10
times greater than the vertical field, and when numerous sphericas evergresent, it is difficult
to filter them out because their amplitude and time distribution are essentially random. Ground

response varies most rapidly during early time measurement gates and so dense sampling is
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required to define these variations,iletat later gates the signal to noise ratio deteriorates requiring
longer averaging intervals to extract the ground response (Nabighian and Macnae, 1991). One
method for recording the response during later time is by acquiring transient decay witlctyages a

as windows equidistantly spaced in logarithmic time. A mean value within each of these

| ogarithmically spaced ti me wi mgdadwss gios (dMalnkihlc
Auken, 1996). Repeated ground response measurements -gia@ddgnd subsequently the values

for the same delay time are stacked (gate stacking), on the assumption that the noise has a Gaussiat
distribution. For white (Gaussian) noise, which is stochastic and has the same power through all
frequencies, a factor N incrgain stack size (where N is the number of measurements in the stack)
wi || decrease the standard deviation of the n
increasing delay times, mean that -lgagting has the effect of increasing the statke 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.

Signal quality can be greatly improved by data stacking. The distinct advantage of-ground
based EM surveys over HTEM surveys is the possibility of stacking data at the same position for a
extended period. Similarly, the flight speeds of HTEM systems is around 30 m/s, which is much
slower than most AEM systems, making it possible to collect and 2t&xI8 times more data per
km. Spatial and data resolution are strongly dependent on the stacking time window, with a small
number of stacks offering good near surface horizontal spatial resolution, but a low signal to noise
ratio at late time. A large numer of stacks excessively smoothes the data and limits near surface
resolution, while providing improved data quality at late time.

Cultural sources become a significant contribution to increase the noise level within
populated areas. One of the main tattors in culturally noisy areas is the infrastructure
distribution, resulting in spectral peaks at 50 or 60 Hz and the corresponding odd harmonics.
Although the voltage waveform is maintained sinusoidal at 50 or 60 Hz, the current produces

disturbing felds which fluctuates outside the sinusoidal waveform (i.e. due to the variable grid
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loading), and high amplitude broadband transients sometimes occur. Cultural noise sources include
buried pipelines, cables, fences, power lines, road networks, and &héures around the area
(Nekut and Eaton, 1990). Currents are induced in the earth by power lines and communication
transmitters and give rise to a secondary field coherent with the ground response, which in turn is
superimposed to the measured sigisdrensen et al. (2000) and later Danielsen et al., (2003)
differentiate two types of coupling: galvanic and capacitive, and reference may be made to these
authors for a irdepth discussion of EM coupling. The safe distance frommmeate conductors is
aminimum of 1060150 m. The effects of coupling must be accurately removed from data to permit
a reliable interpretation of TEM soundings and so any soundings conducted in proximity to
pipelines, cables, power lines, railways, road guardrails, and metasferannot be correctly
interpreted and should be culled. It is critical to know the level and nature of noise when processing
transient electromagnetic sounding data. Inadequate noise estimation can easily result in erroneous
interpretation of the data. €honly way to adequately identify and remove distorted data, while
retaining enough data for meaningful interpretation, is spatially dense sampling. This differentiates
ground based TEM from HTEM surveys, because while TEM surveys offer a better sigoedeto
ratio due to enhanced stacking, HTEM surveys permit higher data density and consequently
improved identification of coupling.
Inversion in applied geophysics

Inverse theory is a very extensive subject and a detailed description would be extremely
onerous and beyond the scope of this short chapter. Instead the aim is to outline the basic elements
required for solving practical inverse problems with airbornetelmagnetic time domain data
(AEM), concentrating on the inversion methodology applied in the present study. AEM geophysics
serves to help solve practical environmental and geotechnical problems and, more in general, for
subsoil exploration. The typicalcenario involves firstly the identification of a physical property
like electrical conductivity, density, seismic velocity, magnetic susceptibility, or otherwise that is

considered diagnostic of a sought geological structure or buried object. Nexphygieal survey
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is designed and field data are acquired. The ground is characterized by its 3D distribution of
physical properties, and responses might be fields measured above the surface of the ground or in
boreholes. All energy propagation through thieumd depends on the 3D distribution of one or
more physical properties, and consequently each datum is sensitive to variation of properties within
a volume. This is one of the things that differentiates geophysics from direct sampling in a borehole,
which instead provides information for a specific point within a 3D space. Each geophysical datum

is sensitive to processes within a volume, or may depend on the volumetric distribution of a
physical propriety, and all this is encoded in the data in a com@gx The inversion is required

to extract such information from the data. Geophysicists have known about the need for inverting
data for many years, but the limitations of computer technology a few decades ago meant that even
the best inversion algorithmeere able to recover estimates for only a limited number of
parameters. Since then, considerable advances in computer performance and improvements in the
mathematics of inversion, have brought more realistic inversions within reach, enhancing the role of
geophysics for solving practical problems. Nevertheless, while it is now easy to obtain an image of
the earth from an inversion algorithm, it has also become clear that extracting information about the
subsurface from geophysical data is still not a trielgeration. Data interpreters (i.e. end users)
must understand the basic issues that render each solutiemigme, and how prior information is

used to "regularize” each case, if they aim to achieve good quality interpretations. They must also
know how well data needs to be fitted, in other words, how well the simulated data from a
recovered model needs to match Areal 0 observa
Afacceptablyo fits the data t h atfietheaatasequallgwell,nf i n
which is known as the neuniqueness of the inverse problem (Ellis, 1998). Theurogue nature

of the inverse problem also means that it is apaed problem, as noted from Tikhonov and
Arsenin, 1977. This implies that s necessary to provide prior knowledge or additional
information about the model. If the model information is characterized by known probabilities, then

a statistical formulation could offer a useful framework for resolving the inverse problem
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(Tarantola 1987) . This requires a probability der
theorem is used to generateaaposterioriprobability density function for the model parameters. In
the deterministic approach the optimum ground model is identifiedrdiag to the objective
function, and this is considered to be the solution to the inverse problem. The aim of the
deterministic approach is generally the identification of a single solution for the objective function,
(in a process known as global optaaiion), solving the inverse problem by identifying the model
that minimizes the model objective function a
2013). Noise is supposed to be the degree of uncertainty related to errors in the measured da
combined with other sources and errors arising from discrepancies between the mathematical
representation of the ground and the actual ground (for example, representing the 3D ground with
1D or 2D approximations). None of the above mentioned errorscanpletely known in most
cases, so this issue is dealt with by assuming data errors to be Gaussian (Butler, 2005 chap. 5,
Munkholm and Auken, 1996).

Before dealing with the inverse problem, an understanding of how to describe and solve the
forward problems necessary. In this procedure the data sources and ground model are assumed to
be known for the calculation of the responses (Tarantola and Valette, 1981). A generic geophysical

survey dataset can be expressed as:

F[m] = djobs dj+ny and j=1,2,3.., N,

whereF; is a forward modeling operator incorporating details of the survey design and the relevant
physical equations, anah is a generic property distributioljps is the observed datum which
consist of the true datund;j plus noisen;.
1D or 3D Inversion ?

Numerous N data (@) are acquired in AEM geophysical surveys. An inverse problem aims

to identify the model m (i.e. recover the physical property distribution) that produces the
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observations including noise. Several factors, mareadly mentioned above, make this task much
more complicated than solving a forward problem.

As already noted, one of the main characteristics of AEM surveying is the capacity to collect
extremely large datasets applicable to from mineral exploration wndwater and geological
mapping, which can be very time consuming to process and invert. Traditionally, transient
soundings, collected over a 3D environment (the earth), were interpreted using 1D ground models
but very slow ordinary 1D least squares iteetinversion programs on the computers were
available at the time (Fittermann and Stewart, 1986, Macnae and Lamontagne, 1987). Today the
availability of much faster modern computers makes inversion with 1D models easy, although
inverting huge data setsrcatill be onerous in computation time. This technique is very demanding,
with simultaneous inversion of numerous laterally constrained TEM soundings in order to assure
lateral continuity of the concatenated 1D models. This includes a fullimezar dampd least
sqguares inversion based on an exact forward
transfer function (STF). The solutions developed by Ward and Hohmann, 1988 are used as the
basis for the forward modeling algorithm. Modeling the STl aisludes the lowass filters
(Effersg et al., 1999), and tuom / turnoff ramps (Fitterman and Anderson, 1987). These inversion
techniques are referred to as Lateral Constrained Inversions (LCI, Auken and Christiansen 2004;
Auken et al. 2005), and Syl Constrained Inversions (SCI, Viezzoli et al., 2008), and they differ
from the earlier stitchetbgether 1D models (Macnhae and Lamontagne, 1987, Auken et al., 2003
and Huang and Fraser, 2003). The drawback of the latter is that the resulting modetedexh
abrupt variati ons b e which ésra na dptima eesuit fornsedaneritasy, f
environments where the lateral variations are expected to be sfdodth ( cf . Vi ez ol i €
There are also a number of proposed methods for 3D formarkling of the time domain EM
response in literature: Arnason (1995), Best et al. (1995), Alumbaugh et al. (1996), Sugeng (1998),
and various algorithms have been defined (Alumbaugh and Newman, 2000 and Haber et al., 2004).

While these studies demons&athat 3D inversion of TEM data is possible, it remains an
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impractical solution due to the demands of computation power (very time consuming), and it is
extremely challenging because the electric fi
be ®lved for every source position. There have been recent attempts to develop and apply fast and
effective 2D and 3D inversion schemes for AEM data (Wilson, Raiche and Sugeng 2006,
Guillemoteau, Sailhac and Behaegel 2012). Nevertheless 3D inversions haveeaoohe
established as routine practice, and in many contexts the benefits of current 3D over 1D methods
are disputable (Viezzoli et al. 2010). The 1D inversion approach is perfectly viable in geological
contexts of gradually varying 3D structures and matde conductivity contrasts. Conversely, in
geological contexts with pronounced 3D model characteristics, a 1D inversion will be strongly
influenced by the 3D effects and might easily generate unreliable models. Literature includes a
number of papers disssing the influence of 3D structures on 1D interpretations of TEM data,
including Auken (1995), Hordt and Scholl (2004), Newman et al. (1987), and Goldman et al.
(1994).
Smooth and/or layered resistivity model

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 and Smith 2009, Christensen andIT 209, Brodie 2010, Auken et
al., 2013, Kirkegaard and Auken 2013). Using local constrained 1D models in this way for inverting
pseudo 2D/3D models has been found to be very effective for modelinglayessid structures
when the 2D/3D effects are nearticularly pronounced (Newman et al., 1987, Sengpiel and

Siemon 2000, Auken et al. 2005). This type of algorithms normally offer support for two modeling

approaches: Al ayered/ di screte models or the L
forr a |I'imited number of |l ayers with variable |
basedleass quar es optimization methododo inversions,

layers in a fixed vertical discretization. In the latter appnodlee inversion problem is typically

greatly overdetermined, with vertical regularization required to stabilize the solution (Constable et
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al., 1987). In the former approach the inversion can operate without additional regularization, due to
the much smiger number of free model parameters in play. Both methods have pros and cons, with
the smooth approach producing sections with formation boundaries smeared out by regularization,
while the discrete approach can introduce artifacts if the geology is wtealyecomplex. Another
advantage of the discrete model technique is its greater sensitivity to the specific choice of starting
model, and consequently both types of inversion are often utilized as complementary tandem
solutions. Smooth inversions can B@gmeterized by setting 19 or more fixed thickness layers, but
free resistivity with vertically constrains.
are selected as representative of the existing geological context, with lateral and c@nstaints
applied for resistivity and layer thickness.

Blocky parameterized inversions are best for determining layer interfaces, resistivity, and
depth of penetration; smooth inversions offer more independence from the starting model and
gradual resmvity transitions are more obvious, which is helpful when tracing out complex
geological structures. Vertical constraints are applied in the smooth models to generally stabilize the
inversion, for example by removing fictitious layers, which is partitplanportant for models
based on a relatively small number of data points. Blocky inversions also enable the application of
lateral constraints for layer depth, corresponding to layer thickness and for resistivity to take into
account lateral variabilityni layer resistivity. Smooth models are discretized down to a depth, which
is supposed to be consistent with the penetration capability of the system, with layers of
logarithmically increasing thickness, starting from few meters thickness for the shadtoatar As
already noted, smooth models provide good definition for complex geological structures and are
powerful tools for evaluating the complexity of the subsurface, but they also produce smooth
structure models with blurring of sharp formation bouretarmaking them difficult to define and
resulting in excessively high or low resistivity values. An inversion scheme with relatively few
layers instead tends to produce a more blocky model -esxd®n which can be helpful for

guantitative evaluation déyer thicknesses.
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Vignoli et al., 2013 recently developed a different algorithmic approach, known as sharp
spatially constrained inversion (sSCI). This involves implementation of an extension of the pseudo
3D formalism Spatially Constrained Inversion €¥zoli et al., 2008), as well as the pseudo 2D
special case Laterally Constrained Inversion (Auken and Christiansen 2004y regularizing
term supports the L2 norm of the spatial gradient of the solution (Zhdanov and Tolstaya 2004,
Pagliara and VignoR006, Zhdanov et al., 2006; Vignoli et al., 2012). This new regularization term
helps generate solutions compatible with observed data, while retrieving the model characterized by
the minimum number of vertical and lateral transitions. Using this tegareminates the need to
consider both the discrete and smooth inversions. Detailed information about the inversion
algorithm is provided in Vignoli et al., 2013.

Laterally Constrained Inversion (LCI)

The inversion algorithm is described in detail in Amlend Christiansen (2004). In LCI, 1D
models are concatenated along a profile to produce psHddonages, providing a good
approximation of the real distribution of conductivity. The inversion system can operate on very
large data sets. The primary groumddel parameters are resistivities and thicknesses. The models
are laterally joined with the requirement of approximate matching of neighboring parameters, which
are typically resistivity and depth, within a specified variance. The lateral constrairiie classed
asa priori information about the geological variability within the measurement area. The lateral
constraints act on the model parameters that have little influence on the data, and vice versa,
allowing information from one model to spread in@ighboring models. The smaller the predicted
model parameter variation, the stricter the constraint should be. The resulting model is characterized
by lateral smoothness with sharp layer interfaces. It is assumed that geological coherence is
representedy the lateral constraints, effectively reducing the number of free parameters in the
inversion. A series of soundings is inverted as a single system, providing layered and laterally

smooth model sections.
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Figure 1.
Model parameters with vertical andlateral constraints (adapted from Auken and Christiansen, 2004)

The dependence of apparent resistivity on subsurface parameters is generally described as a
nonlinear differentiable forward mapping. Established practice in the inversion formulation is to

apply linearized approximation with the first term of the Taylor expansion:

dobs + €bs < G(Myue T Mrer) + g (Mer) (@)

where dps denotes the observed data,s€ the error in the observed data, and g is thelinear
mapping of the model to the data space. The linear approximation is only considered valid if the
true model, mye sufficiently matches an arbitrary reference model;. mhe covariance matriof

the observation errors is,§s The partial derivatives of the mapping are contained in the Jacobian

matrix G, and the constraints are connected to the true model as:

RUMye = Ur + er (b)

where the roughening matrix R, containsabsl1 1s for the constrained parameters, with 0 in all

other positions. In this approach, lateral constraints and vertical constraints can be used together.
The predicted variation in the underlying geological mabikrmines thatrength or variance of

the constraints (described in the covariance matrix CR). Minor constraints only permit small model
changes, and vice versa, and so the constraints are ideally determined for each data set after
assessing the stochastical properties of the underlyinggiealldeatures. In approximate terms, a
constraint value of 1.1 permits model parameters to vary by 10% between neighboring models.

Combining (a) and (b), the inversion problem can be expressed as:
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By simultaneously inverting all the data sets in this way, the common object function is minimized
and the number of models generated is equal to the number of 1D soundings included. Since the
lateralconstraints and data are all part of the inversion, the output models are balanced between the
constraints, physics, and datA priori information is a means for including information
independent of the resistivity data, and it helps resolve theaimigueness of the model. In line

with Jackson (1979) priori information on primary parameters is included as an extra data set
Meprior, @nd the a priorimodel variance is described in the covariance maix.C

Spatially constrained inversion (SCI)

LCI inversion techniques are profile oriented because of the way they focus on producing a
continuum along a line. Consequenpyofile-oriented techniques work better for structures aligned
with the flight path. This type of inversion algorithm is, however, not designed to establish any
connections between neighboring lines, and so features that are perpendicular to fliglenkfies b
only partially from inline constraints or smoothing due to this lack of information exchange
between adjacent lines in the model space. Spatially constrained inversion, or SCI (Viezzoli et al.,
2008), was conceived with the aim of extending the mfe@ongprofile constrained inversion to
spatially constrained inversion, for improvements both along and across profiles. The principles of
SCI resemble those of LCI with the basic difference being the definition of constraints set laterally
in two dimensions rather than just laterally along the flight path. SCI resembles the3@uasi
layered inversionmethodology devised by Brodie and Sambridge 2006, with their algorithm
specially designed for helicopter survey electromagnetic TEM data and allowitigefarversion
of large data sets. The mathematical formulations of the SCI method and the LCI method described
in Auken and Christiansen, 2004 are very similar. In both casesskpaates inversions of layered
ground are regularized with spatial constigirproducing smooth lateral transitions. The forward

1D calculation is based on the solutions of Ward and Hohmann, 1988.

31



SCI and LCI differ primarily for the elements of the roughening matrix R. LCI only includes
constraints on neighboring soundings alanflight line or profile, with R set to 1 and for the
constrained parameters. The first selects constraining points for Delaunay triangulation, which is
conducted on the whole data set. The immediate nearest neighbors, to be used as model paramete
constraints, are identified for each data point. Refer to Aurenhammer (1991) for a detailed
description of Delaunay tessellation. Of the various different algorithms for calculating Delaunay
triangulation, SCI adopts the Quickhull algorithm by Barber et(H96). Setting the constraints
defines how many neighboring soundings each sounding will be constrained to, and it was decided
to set the constraints to nearest neighbors, which are the ones between the soundings connected by
Delaunay triangles. This places a continuum of interconnected soundings, each one constrained
only to its nearest neighbor. Model parameter information is dispersed horizontally between nearest
neighbors into the whole data set. The Delaunay triangulation procedure ensuresdatat poents
are well connected even with very irregular data density.

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

Groundbased and airborne EM are diffusive methods and there is no specific depth limit for
information on the resistivity structure of tgeound. It is thus of great importance to establish the
depth limit within which a model can be considered reliable and any method for calculating depth
of investigation (DOI) must at some point assign a depth limit for the information. In most cases
this value is relative and might be, for example, 5% of total sensitivity. Various approaches for
calculating DOI or penetration depth have been developed over the years. The simplest for EM
purposes is based on the diffusion depth of a planar wave igpfk, at a time t within the tirae
domain, in fultspace with conductivityi (Ward and Hohmann, 1988). Empirical formulas have
been used to formulate another set of methods (Banerjee and Pal, 1986; Huang, 2005; Szalai et al.,
2009). Christiansen et al., (2032 oposed a method based on a recalculated Jacobian matrix of the
final 1D model. 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 hamuitignsen
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et al., 2012 introduced a new concept for the calculation of DOI that is simple but robust, and valid
for any 1D EM and DC geophysical model with an absolute global threshold value. Only the
portion of the Jacobian regarding observed datacisidied in the DOI calculations. Any lateral or
vertical model constraints arpriori information contributions to the model are not included.

Final remarks

It is not easy to understand electromagnetic theory which involve concepts and properties
that aredifficult to perceive, like lines of force and electromagnetic fields. This introductory chapter
discussed how these fields and forces can be measured, providing a means for establishing the
electrical properties of the ground. Time domain electromagietiniques are very useful for
mineral exploration and a wide range of other geological, hydrogeological, and environmental
applications. Thanks to its nenvasive nature, good resolution, and very extensive surveying
potential, it is an optimal instrumefor explorative geophysical mapping. The appropraiteness of
any individual airborne system is determined by the signal to noise ratio, required resolution, type

of survey, depth to target, and the physical properties of the study area.
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Chapter 2

Advanced processing and inversion of AEM data: the Spiritwood Valley Aquifer
case study

Introduction

The aim of this chapter is to present new geophysesallts based on advanced processing
and inversion of airborne electromagnetic time domain data (HTEM). The airborne survey was
performed in Manitoba, Canada, in an area known as Spiritwood Valley using a helicopter system
called AeroTEM Il (Aeroquest copany) over an area of 1062 kntorresponding to 3000 linear
km. Before considering the results obtained, previous geophysical studies and numerous fieldwork
measurements by the Geological Survey of Canada in the Spiritwood area are introduced.

The essencef this chapter is presented the processing paragraphn this section the
reader is conducted through the entire AEM data handling process, which involves data processing
and inversion. Altitude data are processed using a specific filtering techtiiguiesfficiently
removes any possible inappropriate reflections from the earth (canopy effect, spikes from
navigation deflections, etc.). The processing of transient voltage data is also discussed in detail. As
is known, completely raw data are always luahced by electromagnetic coupling to rraade
structures. Such noisy data are carefully culled from the dataset to avoid uncoupled data being
distorted by coupled data which would directly affect inversion results. A Spatially Constrained
Inversion (SCI) using both the smooth and blocky models, is closely connected to the processing
procedure which, in turn, can affect the output models if the procedure has not been performed
correctly. Several resistivity maps derived from inversions are also pres@ntamparison is
made between smooth and blocky models in order to establish the main differences between these
two output models. This chapter also presents a real life example to illustrate the difficulties
associated with modeling and inversion of AEktal Appropriate modeling of the waveform, time
gates, transmitter area, number of turns, etc. (all part of the system transfer function) are of primary

importance when attempting AEM data inversion. However, this example presents the possibility
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(not rarg of misinformation directly from the contractor aod misunderstanding of the survey
report. If the system transfer function is not modeled accurately (see Christiansen et al. 2011 for
detail s), the errors i ntr oducecertryméaed parantetera.t e
Different geometry files were applied to each flight. These files represent the system transfer
function modeled for the inversions. The reason different geometry files were calculated is that, by
analyzing the nominal timing ahdividual waveforms used during data acquisition, a marked
difference of Rx (receiver coil) nominal time gates between adjacent survey flights was identified.
This also involved the possibility of having striping or artifacts in the resistivity mapgeddrom

the inversions, thus requiring additional post processing of data to try and remove them.

The survey area: previous study at Spiritwood Valley Aquifer

The GSC Groundwater Geoscience Program (%) includes an investigation of buried
valley ayuifers in Canada with the aim of complete mapping and characterization of key Canadian
Aquifers. In Canada buried valley aquifers represent important hydrogeological sources of
groundwater for drinking, agriculture and industrial use. The SpiritwoodeYa@lquifer extends
from southern Manitoba into South Dakota with an estimated length of at least 500 km. While it is
an important water resource for North Dakota, it is not well analyzed in Manitoba and, despite some
exploratory drilling, little progresisas been made in mapping its extent in Manitoba.

A large area of southwestern Manitoba is short of high yield sources of groundwater from
traditional bedrock or drift aquifers. In some areas substantial pipeline and farm water supplies have
been developedy local government agencies, exploiting sand and gravel aquifers buried in
Tertiary or Pleistocene valleys eroded into the underlying Cretaceous bedrock. These aquifers offer
variable shorterm vyields and the lontgrm sustainability is seriously in ddudue to limited
recharge. The valleys typically exhibit virtually no surface topographic expression. They are only
partially traced out by boreholes (e.g., Klassen and Wyder 1970; Watermark Consulting 2004) and

the hydrogeological fill properties and saéintary architecture are poorly characterized. In
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response to growing demand for groundwater in the local area, there is a renewed interest in
evaluating the supply potential from sand and gravel deposits in buried valley features.

Geophysical andgjeological investigations were conducted with the aim of establishing a
regional threadimensional model of the complex aquifer geometries of Spiritwood Valley. This
chapter describes a number of surveys that provided electromagnetic time domain daia, seis
measurements, electrical tomography, and borehole logs.

The GSC started seismic investigation of the Spiritwood buried valley in 2007 using a
vibrating source and a landstreamer receiver array. The resultimave reflection profiles enabled
definition of the profile of the broad buried valley and assessment of the properties of the materials
filling a more incised valley at the base of the main broad valley, together with the overlying glacial
sediments of up to 105 m in depth. Three seismic prddiesg 18 linear km in the Killarney area
revealed that the incised valley was approximately 800 m wide and 20 m deep near the Killarney
township.

The GSC conducted an experimental airborne electromagnetic (AEM) survey in 2010. This
covered the extensiorf the valley inferred from the results of the seismic surveys and geological
data from existing boreholes and wells in the area. The survey aimed to investigate the potential for
prairie buried valley mapping and characterization using commercially aeafi&1 systems. The
1062 knf survey was defined using an AeroTEM Il tirdemain system with 400 m line spacing
and control lines spaced at 5000 m (Oldenborger 2010a, b gives preliminary results). Additional
simultaneous experimental geophysical surveyewenducted of the region. These included{and
based resistivity and other high resolution seismic landstreamer surveys to investigate the location
and architecture of the Spiritwood buried valley. Using the highly successful results, the collected
datases were combined to produce extremely valuable insights, enabling selection of a location for
a deep cored borehole near Cartwright, Manitoba in order to characterize ground features,
penetrating down to the groundwateraring gravel and sand sedimentarribe base of the buried

valley (GSGBH-07). The resulting borehole core, downhole geophysical logs, ckegatmraphic
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analyses, and hydrogeological data are currently being used to improve understanding of the
geological characteristics of prairie bedivalleys (Crow et al. 2012). During the fall of 2011 a
further airborne electromagnetic survey was conducted in the Spiritwood area in addition to the
geophysical and ground measurements. The aim of the air survey igatatoinnovative system
calledt h eull wavebo r m VTEM syst emo, representing a mo
original VTEM system (Legault et al. 2013piritwood was chosen as a refereaceadue to the
availability of previous airborne and ground E8lirveys together with otheancillary data
including electrical and seismiceadings together with boreholand well-logs recordedby the
Geological Survey of Canad@lso in more general terms, the Spiritwood Valley Aquifer was
selected for detailed investigation because:

1) The2007 seismic reflection data and subsequent ground based geophysical measurements
in 2010, had revealed the presence of a smaller incised valley within the broad buried valley. This
encouraged further investigation since the data suggested the existeaneirgeresting and
complex geological architecture.

2) The transboundary extension of this aquifer is of special interest to the Government of Canada,
because it is also a significant groundwater resource for North Dakota (the Spiritwood Aquifer has
bee extensively exploited in North Dakota).

3) In order to assess the airborne electromagnetic dataqbudality supporting data are
required (this will be considered in detail in Chapter 3).

The helicopter survey produced revealing imagery of the Spirdvoomied valley geometry
with a complex nested structure of smaller incised valleys within the broader valley, and the
continuity of inferred aquifer materials throughout the area of the study.

The AEM results motivated additional grouhdsed resistivityand seismic studies in 2010.
These investigated the lateral and vertical matching of the land and airborne survey datasets (Figure
1). A further 42 linear km of landstreamer data were also collected over areas of particular interest,

as well as resistivityand induced polarization measurements taken along a subset of the seismic
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profiles of more than 10 km. It was found that overall the AEM data provided excellent spatial
location of valley features, but groubdsed geophysical surveys are sometimes ragessr
improved estimates of deep incised valley depths, and for better resolution of features near to the

surface. These data and relative discussions are presented in Oldenborger et al. (2013).

Figure 1.
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2010 Airborne Survey Extents [ & carried out bythe GSC in the
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The AeroTEM Il survey in Spiritwood Valley

The Spiritwood Valley HTEM survey was flown during the period from Febilaych
2010. The survey requiragpproximately 5 days of flying time to cover the entire survey block,
although weather restrictions resulted in approximately 4 weeks of deployimentThe survey
block was aligned in the general direction as illustrated in Figure 2. Given the linear nature of the
survey target and the estimated axial direction, traverse line spacing was set relatively high at 400 m
and control lines were spaced>®00 m. The AeroTEM system is based on a rig@hcentridoop

geometry with the receiver coils positioned in the centre of the transmitter loop (Balch et al. 2003).
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The system measures voltage in an induction coil sensor, which is equivalent to thete¢iroe

change of the secondary magnetic field dB/dt.
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Figure 2.

Spiritwood Valley location map. The red arrow indicates the direction of HTEM flight lines within the entire survey
block (black line).Two inset images show, respectively, thmber of separate flights (36) covering 3000 linear km
(above) and the AeroTEM lll system (below, courtesy of Aerogest Itd ).

The transmittewaveform is a triangular current pulse of 11§ duration operating at a
base frequency of 98z (Figure 3).The transmitter loop has an area of 7% with a maximum
current of 480A. The receiver coils are orientethie on a vertical plane {&xis), and one on an-in
line horizontal plane (3axis). The collected data consist of a series of 1finna@ gates and.7
variable width offtime gates (7Qus to 3ms after timeoff). The TEM decays were leveled for
system drift using higlaltitude corrections (Sgrensen and Auken 2004). Then, raw collected data
are stacked, compensated, drift corrected, and Aeemled ly the company (e.g. Aeroquest)
before being supplied to geophysicigeplogists for further processing, inversion and

interpretation.
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Figure 3.
16 On-time 17 Off-time Schematic AeroTEM I
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The AFull Waveform VTEM systemo survey in Spi
In an effort to improve the shallow imaging capability of the VTEM helicopter EM system,
by obtaining the most accurate eatitye data possible, a full waveform system was developed and
tested (Legault et al. 2012) during fall 2011, over the Spiritwodteyarea. The survey consists
of threeseparated blocks of closely spaced lines (300 m relative distance) covering approximately
220 linear km (Figure 4). Forfpur time measurement gates were used for final data processing in
the range from 0.018 to 99 ms. Results of the Full Waveform VTEM surveys led to improved
accuracy of transient data at wearlier times t
tumof f (versus ~100 es for standard V hgeMidal and
with a base frequency of 30 Hz and 4.073 ms pulse width (Figure 4). The VTEM data strategically
cover the Spiritwood area with a few lines over the northern, central, and southern parts of the
AeroTEM survey block. These lines specifically folledv2 seismic profiles, one of which was also

overlapped by an electrical tomography profile.

47



Transmitter Current Waveform

et e Tine milisaconds)
sty

20120113

Figure 4.

VTEM survey location. The red arrow
indicates the seismic profiles along which airborne EM data were collected (black line). Two inset images show,
respectively, the VTEM system (above) and the trapezoid

Skm

Seismic surveys in Spiritwood Valley

The Geological Survey of Canada (GSC) have been testing and developing landstreamer data
acquisition sgtems for low depth P andvave seismic reflection surveys over the last few years.

It has become routine for the GSC to collect ~1000 records per day-6rlibéar km per day,
using their Minivib/landstreamer data acquisition system. This brief septasents the seismic
data recorded for different areas of glaciated terrain in Spiritwood Valley. The purpose for
acquiring shallow seismic reflection data was principally to help calibrate the AEM survey for the
delineation and characterization of Quatey aquifers in hydrogeological investigations of
regional scale. The GSC neaurface seismic reflection method is described in Pugin et al. (2009a;
2009b).Utilizing a vibrating seismic source coupled with a landstreamer provides very clear and
adaptable seismic reflection data. The landstreamer in the present survey consisted@®f 48 3
geophonespaced at 1.5 m intervals. The source input was a non li2ZedB/(octave) sweep signal
from 20240 Hz. This design was intended to increase vibration time in the low frequency domain

and improve generation of shear wave energy (Figure 5).
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Figure 5.

The 3C seismic landstreamer receiwgray consists of 48 geophones with a spacing of 1.5 m (left panel, adapted from
Pugin et al. 2011). The Minivib | vibratory seismic source, which pulls the landstreamer forward, can be seen in the
right panel.

The principal focus here is on 2 seismic profiles which will be applied in turn to constrain
AEM data inversion (as discussed in Chapter 3). Details of the channel features and the valley fill
stratigraphy can be observed in thav&ve section of seismic {Figure 6). Two main valleys can
be seen as inset channels eroded into bedrock to depths of over 100 m below ground surface. Where
the neassurface sediments are wataturated or comprise dense materials (i.e. hard till), very
pronounced Rvave refleabns from overburden materials and bedrock can be observed.
Consequently, it is deduced that coagsained material such as till, or sand and gravel will return
high amplitude Rvave reflections. This can be seen in seismic 1, where the sedimentafyhfdl o
channels produces multiple high amplitude reflections, suggesting the materials areyaese
sand and gravel deposits. The deeper hard interface is interpreted as the signature of the top of the

bedrock, which consists of fractured siliceouslehThe GSC borehole was sunk on profile S1
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following the ground geophysics campaign (Crow et al. 2012). The results forS®807 are
shown in the seismic section of figure 6 as a simplified stratigraphic log.

More seismic profiles (totaling 18 lineamlf were collected in the Killarney area in the
northrwestern portion of the Spiritwood Valley (Pugin et al. 2009) in 2007. The 2007 seismic
reflection line delineates an incised channel (~800 m wide and 20 m deep), within the broader
Spiritwood Valley syeem (Figure 7). A dense sequence of kaghplitude, coherent reflections are
interpreted as produced by stratified deposits within and overfilling of this deepest section of the
valley. The stratified channel fill deposits interpreted from the seismimsemrrelate with 15 m
of sand and gravel (the productive aquifer zone) found above bedrock in a borehole located on the
profile track (Kilcart #8). The deepest part of the channel is locdted km west of the current
production well, and the sand amplavel deposits here are estimated to be ~40 m thick and
represent a target zone for a potential ygdd well (Pugin et al. 2009). Kilca& is a logged

Manitoba monitoring well, but not dwnliheaG8aGPO
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Figure 6.

Seisnic results for profile S1. The red box is a close up zoom of the entire seismic profileplAisthstratigraphic log

for GSGSW-07 is illustrated for corretin in the lower section. The interpretednM@ve seismic reflection section
shows respectively, intetill boundaries (green), gravel surfaces (orange), bedrock surface (red), and erosional surfaces
in purple (adapted from Oldenborger et al. 2013).
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Figure 7.
Seisnic results for profile S2007. The red box is a close up zoom afittiee seismic profile. A siplified stratigraphic
log for Kilcart8 is illustrated for corretéon in the lower section. The interpreteewBve seismic reflection section
shows respectively, intéill boundaries (green), and bedrock surface (red)edbfrom Pugin et al. 2009).

ERT surveys in Spiritwood Valley

In 2010 a ground electrical resistivity survey program was conducted (Oldenborger et al.
2013) in order to obtain further depth controls and, more specifically, some independent
measurementsf subsurface resistivity. The AEM results and seismic lines were used in order to
establish the survey sites. Electrical resistivity data were collected over a total of 10 linear km and
at 4 different locations inside the AEM survey area coinciding wigh2007 and 2010 3b, 3c, and
2d seismic lines (the seismic lines are not illustrated here). Electrical anddmeen IP data were
collected using the MuliPhase Technologies DABsystem. A 6<4lectrode array was deployed in
both Wenner and dipolg@ipole geometries, with dipole lengths from 10 to 90 m. Surveys were
performed at 1 Hz using 2 stacks and full reciprocals (for the dgptde array) and rolled in
sections of 32 electrodes. The smoothrssstrained leastquares algithm of Loke et al(2003)
was used to invert the data and produce resistivity models as a function of depth (Figure 8). The
high resistivity resolution of the ERT data is very marked and the range of resistivity of the
geological units varies across a very narrow rangés(®hmm). The ERT models enable dis

crimination of the conductive basement, resistive incised valley fill, moderately resistive broad
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valley fill, overlying conductive till, and surface sediments as resistive materials, as shown in the

schematic crossecton (Figure 9).
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Figure 8.

ERT profile. The solid black line indicates the approximate depth of investigation.
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Schematic interpretation of the ERT model (adapted from Oldenborger et al. 2013).

Boreholes in Spiritwood Valley

There are several water wells and borehole logs for the Spiritwood valley area. Most of the wells
were drilled to supply water for agriculture, industry, farms, and domestic use. A direct comparison
of well data with TEM results is complicated by two fastd-irstly, the wells are not higfuality
geotechnical boreholes and the stratigraphic
to wellto-well inconsistency and observational errors. Useful geological information is available
from the statigraphic descriptions of the B6I7 borehole drilled by the Geological Survey of
Canada in 2011 (located in the southern part of the survey area on seismic line 1, Crow et al. 2012).
The depth of drilling was limited to about 97 m and did not reach bedvwddch is assumed to be
deeper). The first 9 m shows very fine to fine sand embedded on sandy silt diamicton. These layers

overlay clay till varying to hard clay diamicton sediments before drilling indicates relatively
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uniform till and coarse grained setents at the bottom of the borehole. A suite of downhole
geophysical logs was also acquired for GB&-07 consisting of several measurements including
conductivity (see Table 3 from Crow et al. 2012 for logging details). The main focus here was on
conducivity results with the aim of comparing this information with the AEM results (see Chapter
3 for details). These geophysical logs reveahange in conductivity corresponding with changes

in lithology. The surface appears more resistive (about 1Atne®17 Ohm m) in the borehole
down to 9 m. Subsequently the borehole penetrates till of relatively uniform conductivity (~110
mS/m, 9 Ohm mjrom 1580 m in depth. Several other boreholes were drilled by the GSC and

geophysical logs collected, but this infation was not used in the present thesis.

Processing AeroTEM data

High-quality data processing is

essential in hydrogeophysical surveys. The

Set up software platform:
AFM system description and GIS info collection

aim of data processing is to prepare data

before an inversion is run. Processing

Decoupling of EM data

includes  importing  data, altitude

]

(e e—
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Data Lateral averaging of EM data . . ) . .
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EM Late time noise assesment . . .
L distorted or noisy datzontaminated by
lr’asr smooth inversion of EM data. Comparison with
GIS: Any artifats left in the models ? — culture. The data are then averaged
NO '
 ( : : : : spatially, which allows increasing signal to
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< Satisfied with inversion results ?
h " NO .
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Presentation e ——— navigation data and voltage data (magnetic
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data were also collected by the AEM
Figure 10.

Workflow scheme for data processing and inversion of Al System but these are not of interest for this
data carried out with the AarBuworkbench (adapted fron
Aarhus University, Hydrogeophysics Group report).
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PhD research). The AEMata were processed using the Aarhus Workbench software package
(Aarhus Geophysics, 2009). The Aarhus Workbench is a common platform for working with
geophysical, geological, and GIS data. It includes fully integrated modules for generating
geophysical thmatic maps, gestatistic 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 manmade condactetsgiDet al.

2003). In general, data processing is a{&tep process (see also figure 10):

1) Automatic filtering and averaging of navigation data; manual corrections may also have

to be applied to altitude data after automatic filtering.
2) Automatc processing of voltage data i.e. removing or minimizing high frequency noise.

3) Voltage data are evaluated manually for further processing refinement (necessary in areas

with cultural responses).

4) Finally, a fast inversion using a smooth model is usdthe-tune the processing of steps

1to 3.

Altitude processing

The AeroTEM navigation system comprises a GPS receiver mounted on the instrument
panel and an antenna fitted on the front of the bird. A series of ground reference stations are located
across the USA and these monitor GPS satellite data, providing gcouargttion taking into
account satellite orbit and clock drift, as well as signal delays (caused by the atmosphere and
ionosphere). The differentially corrected GPS positional survey data are then recordedinmereal
as 0.1s interval geodetic coordinatdés addition, a radar altimeter is used to measure terrain
clearance. The antenna was mounted outside the helicopter below the cockpit and so the data were
recorded at the height of the helicopter rather than that of the bird above the ground, with an

acairacy of & 1.5 m in altitude.
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As mentioned above, the navigation data were automatically filtered and averaged for
processing purposes and then the altitude data was corrected manually if necessary. The automatic
processing results were inspected, conmggflight time profile plots against data values (altitude,
voltage readings, etc.), as illustrated in Figure 11. Various quality control parameters were also
plotted, so that flight speed, topography, transmitter current, and other parameters cplayeddis
A key processing element was an integrated interactive GIS map highlighting the location of the
helicopter. When combined with proper GIS themes, this generally enables explanation of the
majority of data features, for example a sudden increaakitide 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. Helicopter speed is affected by both down and up wind
conditions, whib results in shifts in data density along adjacent flight lines. This phenomenon must
be taken into account when averaging the raw data to maintain a coherent distribution of soundings
along flight lines with consistent lateral resolution. Bird height éasured in order to distinguish
the substratum from air, in particular in highly resistive areas. Accurate altitude estimates help to
avoid false shallow highly resistive artifacts in the model. They also provide an accurate starting
parameter and so help stabilize and accelerate inversion (Auken et al. 2009). The AeroTEM llI
system is not equipped with laser altimeter and tilt devices, unlike the SKyTEM system frame
(Sgrensen et al. 2004).

Flight altitude is included as an inversion parameter withi@ palue, set to compensate
frame oscillations during flight. AeroTEM IlI altitude frame monitoring is not very accurate and
highly uncertain, making it difficult to estimate a more precise standard deviation for this
parameter. The frame has a mean terciearance of 35 meters, and as a precaution the standard
deviation of this parameter was set to 4 m to avoid inversion, significantly shifting the altitude

parameter to fit the data.
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Figure 11.

The figure shows a typical integrated plot elvigation data. Raw altitude data from the altimeter are shown in red, the
processed and transmitter altitude in brown. The helicopter speed is black and exhibits quite a significant shift in
velocity between adjacent flight lines (the end of a flight imiedicated by a break in the black line).

Voltage data processing: raw and averaged data

The raw streaming data was initially processed using a proprietary software algorithm
developed by Aeroquest Surveys, and involved compensating the z compoadnt tla primary
field waveform. Compensation coefficients were determined for the system transient and applied to
the stream data. Stream data were then filtered, stacked, and binned to thin88 and 17 off
time channels. Next, the stacked dataedMewreled and split up into individual line segments. The
stacked data filtering process is designed to remove or minimize any high frequency noise that fails
to match the predicted geology. Drift corrections were also apligte EM dataset and @ssist
this process the EM system was flown up to a height of about 500 m above ground level several
times per flight, where the influence of t he
negligible. The typical EM noise level observed during thwesy was 3 nT/s during offtime and

no spheric events occurred during the survey.
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Unfortunately, the data from areas with a substantial presence of infrastructure, like pipes,
power lines, and metal fences, required a lot of manual processing, eugh fiiters had been

designed to help cull disturbed data (Figure 12).
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Figure 12,

The data processing window of the Aarhus Workbench, showing portions of data deleted because of coupling with
manmade structures. The insert shows the corresponding transient in dB/dT.

The physics underlying the galvanic and capacitive coupling pheraisediscussed by
Danielsen et al. (2003) . A filter for detecting capacitive coupling, showing oscillations and possible
sign changes, is easier to design. The capacitive coupling detection filter operates by examining
both the raw data stacks for changesurve slopes, and searching for signs of changes in the time
interval of the complete decay curve. Normally the filter is executed from the first sounding gate
(for AeroTEM this is about 6.5x18°as nominal time gate), or at worst it starts no latentthe %
time gate up until the signal reaches the noise floor. It is not considered viable to design filters to
detect galvanic coupling because the signal level is simply raised and does not show oscillation, or,
in some cases only the late time gaesdisturbed visually, with oscillations. In most cases of this
type the entire data curve is deleted because often unrealistic increases in signal are observed,

typical of the galvanic effect, before the late time oscillations arise (Figure 13).
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It is necessary to intervene manually on A8¥0TEM data to fine tune the results from the
fillers and achieve the most reliable results. As already stated, the raw data was intensely pre
processed (i.e. leveled) by contractors. This causes the data to eprearely smooth with
minimal data oscillations, suggesting data minimally affected by coupling, with the exception of

powerful sources of-en noise, like power lines, when coupling is obvious.
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Figure 13.

Processing window example of a coupled TEM response compared to an undisturbed neighboring sounding. Galvanic
coupling results from induced currents in rraade conductors such as power lines, cables, or fences through the
transmitter loop. The insert thié right shows the corresponding location of the investigated sounding (see the bold
dot).

This means that no automatic filters proved effective for detecting and eliminatingnausn
coupling, and all the deoupling processing was performed manuallight by flight, almost
sounding by sounding.
Data averaging

It is standard practice in airborne TEM to average early and late data over the same distance.
Early data generally provides shallow ground information and late data provides information from
degoer underground (according to the depth of penetration of the system). The negative aspect of

this approach is that high resolution cannot be maintained for early data (from near to the surface)
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in which the signato-noise ratio is normally quite high, vi& also obtaining a reasonable signal
to-noise ratio for late data from greater depths. Furthermore, for-lqtyased environments it is
important to note that a short sounding distance, for example 5 m, does not automatically produce
high lateral resoliion if the data are averaged over long time spans or distances like, for example,
150 m (the system footprint is in the order of 100 m on the grd3eamish,2003. The result is

simply a high level of information redundancy. In the general averagirtggeodata approach
trapezoidal average windows are used so that early data are averaged less than late data, as

illustrated in Figure 14.
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Figure 14.
The principle behind the trapezoid shaped averaging core, in which data are averaged over largangirae|afer
times to maintain as much lateral resolution as possible at early times while maintaining a high penetration depth

(Auken et al. 2009).

This approach actually reflects the nature of the electrical fields in the substratum itself.
Immediately &ier the Txloop current is shut off, the ground current is close to the surface and the
measured signal primarily indicates the conductivity of the upper layers. Later in time the current is
deeper under the ground and the measured signal gives inascatithe conductivity of the lower
layers. If sounding is conducted every 30 m, the very early data in time is not averaged for more

than 30 m, whereas late data may be averaged for 300 m since the eddy current footprint is much

59



greater at depth (Nabighian 1979, Reid et al. 2004). In this way optimal resolution -stirfaae
resistivity structures can be maintained, where the ground current system is relatively small and the
signatto-noise ratio good, while simultaneously prdivig a reasonable signat-noise ratio at late

times, to maintain the desired penetration depth.

The trapezoidal average filter width was set as narrow as possible for thérearbates,

S0 as to achieve the best possiblesoreared resolution for nesurface resistivity structures. The

same trapezoidal time window was also selected for thditagegates to achieve the desired depth

of penetration, while retaining the lateral resolution of the geological layers. However, the pre
processing of raw da with Aeroquest leveling clearly imposed a smoothness of voltage data and
compromised existing lateral variability, and so in the present study the approach was to avoid
automatic averaged filtering. Instead filtering was performed manually, flightidiyt.flAverage

initial core duration is 1 s at 70 ps’(ilominal time gate) and was purposely maintained constant at
depth, the last time gate being at 3 ms. This approximately represents averaging a stack of round 20
m at the surface and at depth (FiglL®3.

All the data was assigned a minimum small uniform data uncertainty of 3%. On the basis of
the helicopter speed of around 80 km/h, soundings were produced every 1.4 s corresponding to
approximately 30 m (see also figure 15). Subsequently, the autostatking soundings were
visually inspected in a number of different data plots. During this phase it was assessed whether late
time data points should be ascribed higher uncertainty or eliminated entirely. It is normal to cull
data when the backgroundise level reaches Earth response level. Assessing usability of data is
achieved by inspecting the decay curves, noise measurements, and distance from potential noise
sources. This process is required in order to establish reliable model parametecsogghtihe data
sections. Random noise declines proportional*tovthile effective noise after stacking normally
varies between 0.1 and 10 nVinClearly the early measurements are many times higher than the

noise level.
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Figure 15.

Example of automatefilter settings employed in the first part (automatic filtering) of processing. The red boxes outline
respectively, 70 us as reference time for coupling detection at raw data (i.e. capacitive), 1.4 s as time distance to
averaged soundings (correspondia@® m distance per sounding) and the applied trapezoidal time width.

Figure 16 shows an averaged sounding (transformed into late time apparent resistivity), with
different time gates displaying different noise levels. The high early signal levels (gajes 1
recorded during the entire survey are thought

other words the primary field affecting early gate data, resulting in total omission before inversion.
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This problem is typical of concentric coil sgsis (systems that are not natlupled) in which the

strong primary field present during -time can extend into cfime as a high system transient,
overpowering the weaker secondary field. Noise assessment was also performed for late time
readings to mamize resolution at depth and eliminate raw data leveling effects from flight to
flight. Despite primary field compensation and leveling, systemic self response was still identified
for some late time readings. System bias might be expressed since itlyabhgmges trend
compared to a theoretical flat trend of apparent resistivity for espalte. The first approach was to
increase noise level at the last few gates in order to improve the data fit of the forward response

after inversion had been run.
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Example of averaged soundin
(transformed into late time
apparent resistivity), with
different time gates displaying
different noise levels. This
level increases from 10% &
gate 14 to a level of 25% a
gates 16 and 17.
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Before attempting a numerical inversion of data, the question should be posed as to whether
the data was properly processed. When a large part of the data have been culled because of
coupling, and when the maiise source is natural background noise, it is always useful to run a
smooth inversion of data in order to evaluate whether further manual processing is required. This is

essential if the aim is to obtain a reliable final resistivity model. In the preseht the Laterally
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Constrained I nversion (LCI) al gor i t {pnoces§irgu k e n
checko. This inversion is wused to identify ar
been eliminated by the automatic filtersneanual processing. It is also of a primary importance for
identifying artifacts in the output model, i.e. unexpected condlntsistive layers that can be
attributed to the data or, much more importantly, to an inappropriate system description. Such
ificmdent so always occur both at -te-noise lgvelsiod. | at
Figure 17 showsn example of a resulting smooth LCI inversion for a flight line. The data residual,
the misfit between the forward model and observed datlso plotted on the section. It is not yet
possible to describe or interpret the outcomes in terms of resistivity values of potential lithologies,
or as evidence of erosional structures, etc. It is first necessary to characterize the inversion, remove
potential outliers and, above all, observe whether the forward response fits the observed data within

the noise level.
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Figure 17.

The figure shows an inverted section of the data with a lateral constrained inversion (LCI, Auken et al. 2004). Inversion
wasrun on data including biased gates. The removal of data was caused by crossing a road. The black line indicates the
data residual (misfit between forward model and observed data) and the narrow black rectangle at kilometric 3500 m
represents a referenceusaling (see following figures).

As expected (there was already a hint), the measured data were not well fitted at early
times. This is present systematically throughout the entire dataset, and for each flight the first two
gates were completely off compalrto the rest of the decay curve. This suggests the presence of a
residual primary field on the off time gates (known as bias effect, already observed by Macnae et al.
1984). Too much signal (high voltage) was not derived from a transient secondafyéedd fear t
responseo) but rat her from extra signal fron
represented as a thin, constant thickness, shallower conductive layer throughout the section (see
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figure 17). Observing the decay curves (Figure i@y immediately shows up as a significant

change in curve inclination during very early times. The figures show the forward model

respectively of the dlt and as rho data. The latter is more indicative to explain the presence of this

conductive layer, wike the dBdt curve clearly indicates which gates are responsible for this

marked misfit. The forward model, in order to fit the biased gates, also appears-fa otresr

gates, the "8and 4" gates, which appear not to be affected by bias. Notwithstanding the presence

of a bucking coil on the frame, primary field compensation, filtering andepeding of the raw

data, etc., nothing else can be done to recover those 2 gates. The altesrtatvait these early

time gates from the subsequent inversions in order to eliminate this shallower conductive artifact

from the output resistivity models. This can easily be done in the inversion setting window.
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Model curve showing the sading from Figure 18 (black rectangle) along with the forward response (red line). As
seen, the data are generally well fitted, but an evident discrepancy between the forward model (red line) and measured

data (red error bars) is observable at an earig.ti

Inversion of AeroTEM data

Inversions are carried out using the quadd Fpatially Constrained Inversion program

(Viezzoli et al. 2008). SCl is a full ndimear damped least squares solution, in which the transfer

function of the instrumentation is adeled. The system transfer function includes transmitter

current, turron and turroff ramps, gate times, low pass filters, and system altitude. The system
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description is represented by a geometry file. This file contains all information inherent to the
system used for the survey. This information includes the Tx current, loop area, number of gates,
repetition frequency, waveform, and Rx time gates. Observing the nominal Rx time gates scaled to
each of the nominal waveforms, flight by flight (for a tothK6 flights), a noticeable discrepancy
was observed between the timing of Rx measurement time gates. In order to avoid any potential
artifacts in the inversion (i.e. striping along adjacent flights), the entire set of waveforms (one for
each survey flightwere modeled separately based on all available information (time on, time
switch, and time off). Consequently, the Rx gates are scaled according to the waveform and applied
as a different geometry file for each of the survey flights. Figure 19 showsntheal time for gate
1 for the entire set of survey flights. This graph clearly shows how the differences (in time) between
the £'Rx gate are significant, in some cases exceeding 30s.

In the SCI scheme the model parameters for different soundingedr®gether spatially
with a partially dependent covariance, which is scaled according to distance (Viezzoli et al. 2008).
Models are constrained spatially to reflect the lateral homogeneity expected from the geology
(either vertical and horizontal layeesistivity, boundary thickness, or depth). Constraints include
boundary conditions and delimit changes in values within a defined deviation. Flight altitude is
included as an inversion parameter, but with an a priori value (2 m) and standard dessagjoada
(1.2). The depth of investigation (DOI), based on an analysis of the Jacobian matrix, was also
calculated for the output models. The DOI represents the maximum depth at which there is
sensitivity to the model parameters (Christiansen et al. 20h&).DOI, is presented superimposed
to crop the average resistivity horizontal maps and as fading colors below the DOI on the vertical
cross sections. This means that any model parameter lying significantly below the DOI should be
disregarded. For examplée DOI often lies at, or close to, an interface between a conductive
overburden and a resistive deeper layer. In this case it is assumed that the conductive layer does end
at that interface, and lies above a significantly more resistive layer, whosetalesistive value is

poorly determined.
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|l nver sion was started with a homogeneous halff
the mean apparent resistivity of the soundings. Before data inversion, late time noise assessment
was performed to maximize resolution at depth and to elimihateeffects of raw data leveling

from flight to flight. The inversion is parameterized as a smooth model with several layers (19 or
more), each having a fixed thickness, but free resistivity (with vertical constraints) and as a layered
model (also calle@ blocky inversion) where only a few layers are selected as representative of the
existing geological setting. Both schemes have advantages. The resistivities were scaled according
to apparent resistivity. Layer interfaces, resistivities, and depth ofrpgae are best determined

from the blocky parameterized inversion. Conversely, smooth inversion is more independent of the
starting model and gradual transitions in resistivities are more conspicuous, facilitating the
delineation of complex geologicalsttures. The vertical constraints used in the smooth models are
applied to stabilize the inversion, for example to remove fictitious layers especially in models based
on a small number of data points. Moreover, the blocky inversion allows the use af later
constraints, applied respectively to layer depth which, in turn, corresponds to layer thickness, and
resistivity to account for lateral variability in layer resistivity. The smooth model is discretized up to

a depth which is supposed to be consistetit the penetration capability of the system, with layers

of logarithmically increasing thickness, starting from a few meters in thickness for shallower strata.
This smooth model enhances complex geological structures and is a powerful tool for evidaating
complexity of the subsurface. These SCI algorithms produce smooth structure models in which
sharp formation boundaries are blurred and often hard to recognize. In contrast, an inversion
scheme with few layers tends to give a more blocky appearatioe teodel section possibly aiding

guantitative evaluation of layer thicknesses.
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Figure 19.

Time (sec) of the first Rx gate for all the flights (40) of the AeroTEM system deployed in the survey.

Inaccurate description of the system transfer function

The effects in the predicted models of inaccurate system description in the 1D forward
modeling of AEM data has already been studied and demonstrated in detail by Christiansen et al.
(2011). Surprisingly, a situation was encountered in which the infaymatported in the
Spiritwood survey report was somewhat different from a correct system description, the latter being
required for correct inversion of AEM data and, above all, in order to derive a reliable resistivity
model. The first system inverted tue d o u't to be inaccurate and
systemo while the correct one is referred to
consisted of a transmitter loop with an area of 8%.%which corresponds to an equivalent square
loop type of 7.9 m across) with a maximum current of A88hd 8 turns (which generates a peak
momentof233kAf) . I n contrast, the fAtrued systém ge
(corresponding to a square loop 8.86 m across) with the samecimpent but a different number
of turns (5 instead of 8), generating a peak moment of 188°kAkmgeneral, a different peak
moment results in different voltage which, in turn, corresponds to different ground conductivity.

However, in the situation thatase the same data voltage was inverted using two different system
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transfer functions, since the first was found to be simply wrong. So the question arises of how to
deal with the output resistivity models.

The output model derived from the wrong systerscdgtion (erroneous system transfer function in

the inversion calculation) results in inappropriate resistivity values for good conductors (which
appear to be higher) as well as inaccurate layer depth , i.e. the shale bedrock appeared to be deepe
(Figure2 0 ) . Figure 21 shows the inversion result
seen by comparing both sections (Figures 20 and 21), the conductive bedrock appears to be more
conductive and not as deep as in the previous resistivity modeluneF2g. Obviously, if data is
inverted taking into account this change from a high moment to a lower peak moment (which is the
amount of energy diffusing in the ground), this results in a change in the range of resistivity values.
In particular, what wasli@eady conductive (i.e. the bedrock) now appears to be more conductive
since the lower peak moment, but with the same measured voltage (as for the highest moment),
implies a more conductive layer in order to generate the same voltage data. Moreovehesince
diffusion speed depends on the resistivity of the layers (i.e. the diffusion speed is high for high
resistivity layers and lowor low-resistivity layers) this conductive layer also appears to be

shallower.
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Smooth inversion results alg a flight line (above). a, b, and c) show respectively the 1D model, the rho curve, and the

forward response relative to a reference sounding (grey rectangle).
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Smooth inversion results along the same flight line as for figure xxx (above). a, b, and c) show respectively the 1D
model, the rho curve, and the forward response relative to a reference sounding (grey rectangle) cbfoelgbonds

to the wrong systemmdnsfer function (STF) while modblrefers to the correct STF.

The phenomenon described above is also clearly evident (and perhaps more obvious) if we
compare AEM inversion results, for both STF, with seismic data. Figure 22 (top) shows the AEM
model dewved from the wrong STF along seismic line 1 (the black line represents the depth of the
bedrock derived from seismic bedrock reflector). The conductive shale bedrock derived from AEM
data appears to be about2® m deeper than the seismic bedrock refleetod the resistivity value

of the shale bedrock is around 15 ohm m. For the true system description a better match is observed
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with ancillary seismic data (Figure 22, bottom). The shale bedrock appears to
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Figure 22.
Smooth inversion results along gwis line 1 located in the southern part of the area. The two profiles show
respectively the inversion results derived from the wrong system transfer function (above), and from the correct STF

(bottom).

be more conductive (as expected), with resistivityealranging from 8 ohm m up to 12 ohm m.
Moreover, layer depths from both AEM and seismic data are now largely comparable with an
excellent depth match along the seismic bedrock reflector (black line). This is an independent
confirmation that the newly appd system transfer function results in a more reliable resistivity
model that fits with other sets of geophysical data. However, the data residual remains low,
meaning that the forward response fits the observed data (within noise level) for both STF
suggesting the nowiniqueness of the solution to the inverse problem.
Blocky inversion results

After analysis of the smooth model inversion results and multiple tests using different
numbers of layers, led to the decision to present results from a 4 layer model. A conservative
approach was adopted, using the smallest number of layers that satlgféittthe data for the
entire survey. This ensures maximum sensitivity for each of the parameters modeled to the data, and

therefore maximum reliability of models. However, it should be noted that in all cases theyéve
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model produced similar redslto the fowlayer model because the inversion algorithm tends to
derive two consecutive layers, representing the conductive bedrock, with about the same resistivity
if the model has numerous layers. By contrast, in a {lae model there is loss okisting
structures when more than three layers are required to correctly fit the data. Initially, while trying to
choose the number of layers the complication emerged that the geology of the northern part of the
Spiritwood area could be represented asreetltayer model. However, this did not apply for the
remainder of the survey area. The reason is because the geological setting of the northern area is
significantly different and less complicated than the rest of the area. An individual structure of
valley-like features is observed extending from south to north and the shale bedrock is relatively
shallow. The number of layers was chosen as the smallest number that fitted the data while being
indicative of the predicted main geologic units of the area.effieet of reducing (or increasing) the
number of layers would simply be to increase (or reduce) the optimal number of soundings by the
SCI cells for computation purposes (always aiming at about 1000 model parameters per cell). SCI
is a parallel procedurand so the total inversion time depends on the number of available
processors. In addition, the few layers inversion process was started with an enormous half space of
40 Ohm. The models are connected laterally and require approximate identity between the
neighboring parameters of resistivity and depth to within a specified variance. The lateral
constraints can be considered as a priori information regarding geological variability within the
measuring zone. In general, it is assumed that the smaller tletedpvariation for a model
parameter, the tighter the constraint should be. On the basis of known geological variability
(resistivity and structure geometry derived from the smooth model) moderate or tight lateral
constraints were applied, taking into agot existing lateral variability (both for depth and lateral
resistivity constraints). In response to the obvious variability of the resistivity values and the
presence of narrow structures from the smooth model, moderate constraints were applied both for
resistivity and depth. Furthermore, considering that most of the structures lie within a depth of 80 to

100 m and the geology is quite complex, the use of loose constraints allowed a single layer (the 4th
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layer) to fit the same geological features (ileale bedrock) for different elevations. Reference
constraints of 1.5 were applied on the resistivities of the first two layers, and 1.3 on the last two
layers (total of 4 layers as blocky model), and 1.5 applied on all depths. The reference distance is 25
m based on the sounding distance. This means that the models were allowed to vary by
approximately 50% down to 30% in resistivity, and 50% in depths over 25 m on average.

Figure 23 shows a comparison between the smooth model and the blocky model along a
coincident flight line. The models look similar (as expected) but some differences are also evident.
The SCisection in figure 23, b reveals the same overall characteristics as the SCI smooth
inversions in panel a, but with a sharp boundary and a ganeraase in the resistivity value for
the resistive layer. Applying the lateral constraints it is seen that the shale bedrock (with low
resistive value) is found along the entire profile except beneath the deeper valley structures (as in
the smooth model)The lateral constraints thus add sufficient information regarding the expected
geological variability to extract from the data the sparse information on this layer at the bottom of
the BVs. The highresistivity layers above the conductive bedrock aré mgeblved but it is not
possible to establish anything about their resistivity other than it being higher. The data residuals

indicate that the forward models fit observed data mostly below a normalized resitlual of
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Figure 23.
Comparison between the sthooth, and b) fewer layer (blocky) results for coincident flight lines.
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Interpretation of AeroTEM smooth inversion results

To visualize the resistivity structures of the survey area, a number of geophysical theme
maps and vertical sections gpeesented.The maps of average resistivity at different vertical
intervals are shown for depth below ground surface. In a setting like Spiritwood Valley, with little
topographic relief, inspecting results only in depth below ground surface is probably not
misleading.The average resistivity maps in Figure 24 clearly show the existence of a valley as an
elongated, resistive feature, known as 8paritwood Valley Aquiferlt is approximately 10 km
wide and has a conductive background which, according ttndleise consists of Cretaceous shale
bedrock. Along the middle of this valley a much narrower structure can be observed (1 km) and is
interpreted as an inset valley that follows the main valley from north to south. In addition to the
main incised valleys, aitiple valleylike features outside of the main valley are observed (see also
CDiI results from Oldenborger et al. 2013). Some of the observed buried valleys are very narrow
and reveal a complex glacial setting with many cimsgsing buried valleys of seval generations,
which are also documented in similar settings in Denmark (Jgrgensen and Sandersen 2006).

I n general, the electrical resistivities f
the Cretaceous shale | ayeiltssity-ban dvye etni 1210, aamddd 3
for sandy and gravely layers. To obtain this range of values, a statistical approach in the model
space was adopted, in addition to the observed similarities with well stratigraphy information and,
not shown in thischapter, direct comparison was made with electrical resistivity tomography
surveys. AEM spatially constrained inversion results reveal, with good correlation of absolute
values, the resistive and conductive structures imaged by the ERT electrical pimiiver, AEM
system limitations to resolve the near surface make it difficult to provide the same detail on the
surface. The depths of the main buried valleys are recorded as exceeding11Df, while most
of the secondary valleys are between 40 anch &@&ep.

The resistive features attributable to sand and gravel filling the main buried valleys are well

defined in the resistivity models obtained. However, it is obvious that the inversion results from the
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AEM survey present high variability in resistiyivalues across the whole area (Fig. 24). This
indicates that the resistive sediments, interpreted to be the response of sand and gravel, fill the main
valley as well as partially covering the two inset valleys and the other small valleys. According to
resistivity maps, another resistive body is found in the center of the survey area (Fig.). As noted by
Wiecek (2009), intetill sands are found down to a depth of approximately 30 m in this area, and

the resistive body is likely to be these sands (Oldemvaal. 2013).

100-110m

Figure 24.

Average resistivity maps for the (a)i2ZD, (b) 3040, (c) 6070, and (d) 100110 m depth intervals obtained from the
AeroTEM III system data.
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Final remarks

This chapter focused on several important aspects which are ofrypriimgaortance when
approaching the processing and inversion AEM data. The entire processing workflow of
AeroTEM Il navigation and voltage data was discussed. Several steps were taken in order to obtain
maximum data quality and so achieve the maastailed possible resolution of the resistivity
structure of the subsurface. An examination was also made of how data are averaged using
trapezoidal average filters. The filters are designed so that the lateral resolution of resistivity
structures is blued as little as possible. It was argued that data which are influenced by coupling to
mantmade installations on the ground surface must be culled before entering the averaging scheme
as, otherwise, good data are degraded. This chapter also presentéifiecesesample illustrating the
difficulties associated with modeling and inverting AEM data. There is also the possibility (not
rare) of misinformation directly from the contractor or misunderstanding of the survey report. If the
system transfer functioms not modeled accurately, the errors introduced may migrate to the
model 6s earth or geometry related parameters.
model the system transfer function correctly, but it is also important always to attedyaatput
carefully, e.g. for systematic errors that might point to wrong settings. A potential problem was
encountered because a wrong STF not only affects the output resistivity model but also has a
negative effect on further data integration anddartjinterpretation.

All the things mentioned above are of fundamental importance since the aim of processing is
to prepare data for inversion. A Spatially Constrained Inversion using smooth and blocky models
was actively applied to evaluate processinggceaithe final inversion is closely linked to the
processing procedures (data handling). Minor changes in data can transform the outcome of the
investigation from success to failure. Therefore, the need not only for high precision unbiased data,
but also hgh-quality processing, is inescapable.

The present study analyzed the smooth and blocky resistivity model derived from the

spatially constraint inversion (SCI, Viezzoli et al. 2008) in detail. The Spiritwood AEM data show
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significant geological structuresd clearly indicate a complex valley morphology that can be used
to significantly improve geological and hydrogeological knowledge on a regional scale. Inversion
results reveal multiple resistive valley features inside a wider, more conductive valletyrstr
Furthermore, the models show the presence of resistive layers interpreted as interbedded sand and
gravel above the shale in addition to resistive materials at the bottom of the buried valley which, in
turn, represent potential aquifers for exploda. Fidelity of electrical resistivity derived from the
AEM inversion is of great significance when attempting to assess the hydrogeological importance
of geological units.

Despite the earlyime limitation of AeroTEM system and the fact that it is nesigned for
peak response over resistive materials such as those found in this survey area, the AeroTEM dataset
provides rich information content in terms of lithological detail, identification, and bedrock
morphology. The Spiritwood AEM survey succesgfutiapped valley locations that continue to be
difficult to define using seismic, electrical resistivity, and borehole methods. In conclusion, buried
valleys are important hydrogeological structures in Canada and other glaciated terrains, providing
sourcesof groundwater for drinking, agriculture, and industrial applications. Hydrgeological
exploration methods such as pumping tests, borehole coring, or gsasad geophysical methods
(seismic and electrical resistivity tomography) provide limited spatifdrnmation and are
inadequate to efficiently predict the sustainability of these aquifers on a regional scale. Airborne
geophysics can be used to significantly improve geological and hydrogeological knowledge on a

regional scale.

77



Additional key maps

Outlined below isa brief explanation of theariouskey mapsand their applicationgll the

mapswere made using the Kriging method with a search radiG8®@m and 30 m node spacing.

- Map A displays the topography usetdthe processing and inversioiitie DEM image

is superimposed over tlgeoreferenced rastemagery availabléor the survey area

I n addition, several Aprocessingo and i q
particular, SCI smooth der i v@dudingalprmmirmaleRi @émee d t
gates), and the final map, presenting entirely processedo(g#ed and with the biased Rx time
gates omitted in the inversions) AeroTEM data from the Spiritwood Valley Aquifer survey area.
The following maps are intended #llustrate the main end products in order to evaluate and assist

concrete assessments of the entire processing workflow.

- Map B shows the difference between tieeroTEM soundings that entered the
processing (upper), and those that were used for the ionemsfter the processing
(lower), due to infrastructures. It is useful to note how much of the EM data was culled
during the processing due to coupling with infrastructure.

- Map C shows, colorcoded, the number of time gates used for the inversion of
individual soundings. The maximum number of gates possible in this case, if there had
been no noise on any of them, widsgates. However, when the averaged late time gates
fell into noise and contain no signal, they are delétathg processingnd do not eter
the inverson in order not to produce ddcts in the output models. For obvious reasons,
this map is not presented for the uncoupled results (when no time gates are omitted from
inversions and/or deleted during processing).

- Map D shows, colorcoded,the spatial variation of the absolute value of thisfit

between forward modied data and measured data, normalized to the data noise for each
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time gate (top panel refers to processed data and lower panel to unprocessed data).
Values lower than 1 indicatinat the modeled data fit the measured data within noise
level, i.e. the inversion fitted the data. Values higher than one can be due either to strong
3D effects, or to noisier or less accurate data. In general, data residual is much closer to
1 for unpreessed data. In particular, data misfit gets higher near to infrastructures and
clearly delineates the road and power line networks. This indicates how the forward
model cannot fit observed data when affected by coupling.

Map E showsaverage resistivity nps for the (a) 120, (b) 3040, (c) 6070, and (d)
100'110 m depth intervals (same as for figure xxx) obtained from unprocessed
AeroTEM data (without any deoupling and keeping all time gates, i.e. bias included).
Detailed descriptions and interpretasobased on these maps will be discussed in
Chapter 4. The same resistivity maps at the same depth intervals are shown in figure xxx
for comparison.

Map F shows the variation between inversion input and output altitude. Unprocessed
data show very high vatidity of this inversion parameter over the entire area. As
expected, the inversion moved down the output altitude, which appears to be about 5 m
up to 1613 m lower than the input altitude, in order to fit the data. Note that the first two
gates are afféed by primary fields, which results in higher measured signals at the very
near surface. This high signal consists in a thin conductive layer all over the survey area.
To fit the early time (biased) gates the inversion lowers the altitude and puts a
condictive layer on top of the surface to compensate the signal at early time. For the
processed data, altitude difference is negligible, meaning that inversion does not move
the altitude to fit observed data.

Map G shows, colorcoded, the spatial variabilityf the modeldependent DOI,
presented in depth below surface. For a more conservative analysis of sensitivity at

depth only the DOI upper is presented. Refer to section 2.4 for a detailed discussion on
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the DOI. The color scale maximum is only indicatived @oes not imply that this value

was expected for the entire area. For the processed data the footprint of the roads in the
DOI map can be misleading. This is due to the effect of the manual processing only over
roads or other infrastructures. Averages laime data were culled much more according

to the footprint of the eddy currents, which is greater in depth (see section 2.3, average
data processing for details). All soundings close to roads contain only early time gates
which, in turn, give rise to aWwer DOI. In general DOI is lower for the processed data
due to late time gate omission in addition to the late time noise assessments. Moreover,
the DOI is not expressed with higher values over the main buried valley. This is an
alternative way to assebsw the sensitivity at the bottom of the buried valley is rather

low in this data.
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