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ABSTRACT 

The discovery of mineral deposits at increasing depths presents significant challenges for 

electromagnetic (EM) exploration methods. Traditional single-component transmitter systems 

face fundamental limitations in detection depth due to poor coupling with variably oriented 

conductors and low signal-to-noise ratios. This thesis addresses these challenges through two 

interconnected studies: the development of a novel three-component transmitter (3CTx) 

system and the application of principal component analysis (PCA) for differentiating 

conductor signatures in complex geological settings. 

 

The first study presents the design, construction, and initial field testing of a prototype 3CTx 

system comprising three orthogonal, co-located transmitter loops operating simultaneously at 

distinct base frequencies (30, 32.5, and 35 Hz). The system was validated through three field 

tests, demonstrating that individual transmitter signals can be successfully separated during 

processing with minimal cross-coupling. Cross-coupled signals were consistently two to three 

orders of magnitude smaller than primary signals. When compared with data from a 

conventional ground-loop system over a known conductive target, the 3CTx system produced 

comparable results, validating the fundamental methodology. 

 

The second study develops a PCA-based processing workflow for extracting localized 

conductive targets masked by dominant regional conductors. Using synthetic models 

generated with Maxwell plate-modeling software and a distributed array of three-component 

transmitters and receivers, the method successfully isolates the spatial signature of regional 

conductors, residual energy calculations then reveal otherwise masked local targets. Analysis 

of three distinct geometric configurations with 2% Gaussian noise demonstrates robust 

suppression of regional signatures and clear delineation of local target location and 



iv 
 

orientation. Comparison with single-component transmitter data validates that the multiplicity 

of data from the three-component system is critical for effective regional characterization and 

local target detection. 

 

Together, these studies establish the feasibility and advantages of three-component 

transmitter technology for mineral exploration. The 3CTx system provides enhanced 

coupling to variably oriented targets, while the PCA processing method offers a data-driven 

approach to isolate targets in conductively complex terrains. These advances represent 

important steps toward improving detection capabilities for deep mineral deposits and 

provide a foundation for future development of operational multi-component EM systems. 
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CHAPTER 1 

INTRODUCTION AND THEORETICAL BACKGROUND 

1.1 The Challenge of Deep Mineral Exploration 

The global demand for mineral resources continues to grow, while deposits at shallow depths 

have been largely discovered in well-explored regions. This reality has driven the mineral 

exploration industry to search for ore bodies at progressively greater depths. However, 

traditional exploration methods face fundamental limitations as target depth increases. The 

ability to detect and characterize these deep-seated deposits requires both technological 

innovation and advanced data processing techniques. 

 

Electromagnetic (EM) methods have become essential tools in mineral exploration because 

many economically important deposits, including massive sulfides, exhibit electrical 

conductivities several orders of magnitude higher than typical crustal rocks (Telford et al., 

1990). This strong physical property contrast makes EM methods particularly effective for 

detecting ore bodies. However, the effectiveness of EM systems diminishes with depth, a 

problem can arise due to two primary factors: inadequate coupling between the transmitter 

and target and decreasing signal-to-noise ratios as the secondary field from the target 

weakens relative to ambient noise (Smith, 2018). 
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1.2 Fundamentals of Electromagnetic Induction 

1.2.1 Physical Principles 

Electromagnetic exploration methods are governed by a set of fundamental principles, most 

notably Maxwell's equations. In practice, these are complemented by empirical relationships 

like Ohm's Law, which describes how electrical current moves through a material. Ohm's 

Law establishes a proportional relationship between the voltage difference (ΔV) applied 

across a material and the resulting electrical current (I) that flows through it. The constant of 

this proportion is the material's resistance (R).  

 

𝑅 = 𝛥𝑉/𝐼  

 

 

The resistance of an object also depends on its physical dimensions; it is directly proportional 

to the length (L) of the current path and inversely proportional to the cross-sectional area (A) 

through which the current flows. To define a property independent of geometry, resistivity 

(ρ) is used: 

𝜌 = 𝑅(𝐴 𝐿⁄ ) 

 

By reframing this relationship in terms of vector fields, Ohm's law can be expressed more 

generally. The electric field (E), which is the voltage per unit length, is related to the current 

density (J), the current per unit area, through the material's resistivity: 

 

𝐸 = 𝜌𝐽 

 

(1) 

(2) 

(3) 
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In the context of geophysical EM surveys, this form of Ohm's law is generally a reliable 

assumption. The process of EM surveying is built upon two other foundational principles: 

 

1. Ampere's Law: This law states that an electrical current density (J) generates a 

magnetic field intensity (H) that circulates around the current. 

 

2. Faraday's Law of Induction: This principle describes a related effect, where a 

magnetic field that changes over time (-dB/dt) induces a circulating electric field (E). 

Here, B is the magnetic flux density, related to the magnetic field intensity by B = μH, 

where μ is the magnetic permeability. If this electric field is induced within a 

conductive material (where conductivity σ = 1/ρ), it will drive a current according to 

Ohm's Law (J = σE). 

 

These principles collectively explain the process of EM surveying. A time-varying current is 

passed through a transmitter coil (Tx), which generates a time-varying primary magnetic 

field. This primary field propagates into the subsurface. When it encounters a conductive 

body, it induces circulating electrical currents (eddy currents) within that body according to 

Faraday's Law. These eddy currents, in turn, generate their own magnetic field, known as the 

secondary field. This secondary field radiates around the eddy currents, with some of the 

secondary field travels back to the surface, where it is measured by a receiver coil (Rx) along 

with the primary field. The strength and spatial distribution of the secondary field depend on 

several factors: the conductivity, size, shape, and depth of the target body; the geometry and 

strength of the primary field; and the orientation of the target relative to the primary field. 

Further, the ability to detect this secondary field depends on the location and orientation of 

the receiver.   
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1.2.2 Time-Domain vs. Frequency-Domain Methods 

EM methods are broadly classified into time-domain and frequency-domain approaches, each 

with distinct advantages. Time-domain electromagnetic (TEM or TDEM) systems transmit a 

pulse of current through the transmitter loop, then measure the decay of the induced 

secondary field during the off-time when the primary field is absent. This approach is 

particularly well-suited for late-time measurements that preferentially sample deeper and 

more conductive bodies, as near-surface responses decay more rapidly (West et al., 1984; 

Nabighian and Macnae, 1991). 

 

Frequency-domain systems, in contrast, employ continuous sinusoidal currents and measure 

the amplitude and phase of the secondary field relative to the primary field (Telford et al., 

1990). Different frequencies sample different depths, with lower frequencies generally 

penetrating deeper. Both approaches have found widespread application in mineral 

exploration, with the choice depending on specific exploration objectives, target 

characteristics, and logistical considerations. 

 

1.2.3 The Wire-Loop Model 

A conductive body in the subsurface can be approximated as a single, closed loop of wire 

with a specific resistance (R) and self-inductance (L). This wire-loop model treats the 

transmitter (Tx), conductor, and receiver (Rx) as three distinct, magnetically coupled circuits. 

This approximation is valid when the host rock is sufficiently resistive that it does not support 
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significant current flow, as is typically the case for massive sulfide exploration in Canadian 

Shield rocks. 

 

 

Figure 1: Schematic of the wire-loop model, where a time-varying current (I₀) in the 

transmitter induces a current (I₁) in the conductor loop. The resulting secondary field is 

measured as a voltage (𝜀ଶௌ) at the receiver. The magnitude of the  interactions are quantified 

by mutual inductances, Mij (Grant and West, 1965).  

 

 

A time-varying current in the transmitter induces a current in the conductor, which in turn 

generates a secondary magnetic field measured at the receiver. The relationship between the 

secondary voltage (𝜀ଶ
ௌ) and the primary voltage, (𝜀ଶ

௉), at the receiver can be derived by 

applying Kirchhoff's circuit laws. When normalized, this relationship is expressed as (Grant 

and West, 1965):  

 

𝜀ଶ
ௌ

𝜀ଶ
௉ =

−𝑀଴ଵ𝑀ଵଶ

𝑀଴ଶ𝐿ଵ
ቈ
𝜏ଶ + 𝑖𝜏

1 + 𝜏ଶ
቉ 

 

(4) 
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Here, 𝑀௜௝ represents the mutual inductance between the different loops (i and j are 0 for Tx, 1 

for conductor, 2 for Rx). The behavior of the system is encapsulated by two key terms: 

1. The Response Parameter (τ): This dimensionless quantity, 𝜏 = 𝜔 𝐿ଵ 𝑅ଵ⁄  combines the 

conductor's properties (𝐿ଵ, 𝑅ଵ) and the operating angular frequency (ω) into a single 

variable. 

2. The Response Function: The term ቂ
ఛమା௜ఛ

ଵାఛమ
ቃ contains all the information about the 

amplitude and phase of the secondary field relative to the primary. Its behavior 

defines two limiting cases: 

a. Resistive Limit (τ << 1): For poor conductors or low frequencies, the response 

is weak and out-of-phase. 

b. Inductive Limit (τ >> 1): For excellent conductors or high frequencies, the 

response function approaches 1, and the secondary field becomes a scaled, in-

phase replica of the primary field. 

 

The wire-loop model is a powerful tool for analyzing the fundamental behavior of EM 

systems and provides the conceptual basis for the more complex forward modeling 

techniques discussed next. 
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1.3 Forward Modeling in Electromagnetic Exploration 

1.3.1 The Role of Forward Modeling 

Forward modeling plays a fundamental role in the interpretation of electromagnetic survey 

data. Rather than directly inverting measured responses to determine subsurface geometry 

and conductivity, forward modeling calculates the theoretical response of a specified 

conductor model, allowing interpreters to iteratively modify the conductor in an effort to 

minimize misfit between the predicted and observed data. This approach enables 

geophysicists to construct geological models that honor both the geophysical data and 

independent geological constraints.  

1.3.2 Evolution of EM Modeling Software 

Computer-based forward modeling became the primary means of EM data interpretation in 

the late 1980s with the introduction of rectangular plate modeling on desktop computers. 

Early programs such as PLATE and OZPLATE were single-conductor plate simulations 

based on work by Annan (1974). These programs solved the integral equation for the electric 

field on the plate surface using an indirect approach, representing eddy currents as the result 

of a countably-infinite set of eigen currents, each with its own intrinsic exponential decay 

(Annan, 1974). Unlike finite element or finite difference methods, which discretize 

conductors into elements or grid cells, this integral equation method uses global continuous 

basis functions to describe eddy currents.  

 

To make the computations tractable for early desktop computers, Yves Lamontagne 

developed the ribbon model in 1986. This model retained the same mathematical formulation 
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but limited the current modes to vary only radially, with current constrained to flow within 

concentric ribbons. This approximation drastically reduced the number of modes required for 

a solution, though it remains valid only when the primary field is uniform over the plate 

surface. The ribbon model (Lamontagne et al., 1988) was commercialized by Lamontagne 

Geophysics as MultiLoop I in 1989 and MultiLoop II in 1993 for Macintosh systems. 

1.3.3 Traditional Plate Models: Maxwell 

Rectangular plate modelling software was brought to the Windows platform in 1997 with the 

introduction of the Maxwell modelling software (EMIT, 2024). Maxwell also employs the 

concentric ribbon approximation and has become industry standard for plate modelling and is 

a primary tool for EM survey data interpretation. The software models thin rectangular plates 

in free space, allowing users to specify plate geometry (position, orientation, dimensions) and 

conductance. Other plate modeling programs such as Provus (Novaminex, n.d.) use a 

complete set of continuous basis functions rather than the ribbon approximation, allowing 

eddy current patterns to diffuse more correctly between early and late times. 

 

Despite its widespread use and utility for early-stage exploration, the rectangular plate model 

has fundamental limitations. Because the geometric shape is constrained to rectangles and 

eddy currents cannot flow between adjacent plates, it is impossible to accurately represent the 

true shape of complex mineral deposits. Multiple overlapping or end-to-end plates cannot 

adequately simulate a single conductor of irregular geometry, as the discontinuities prevent 

realistic current flow patterns. Consequently, interpreters can typically only model a portion 

of the response from any given survey line or borehole, limiting the amount of geological 

information that can be extracted from the data.  
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1.4 Coupling and the Orientation Problem 

1.4.1 The Concept of Electromagnetic Coupling 

The term "coupling" in electromagnetic geophysics refers to the effectiveness of interaction 

between a magnetic field and a target (a receiver or a bedrock conductor). Strong coupling 

occurs when magnetic flux passes through the target approximately perpendicular to its 

surface, maximizing the induced currents. Conversely, null or weak coupling occurs when the 

flux is parallel to the target's surface, resulting in minimal currents induced in a bedrock 

conductor or voltage in a receiver coil. Figure 2 displays how the primary field from a 

transmitter (Tx) couples to a red receiver, giving multiple examples of null and perfect 

coupling with a primary magnetic field.  
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Figure 2:  A schematic illustrating how electromagnetic coupling depends on the orientation 

of a bedrock conductor or a  receiver coil within the primary magnetic field (grey lines) 

generated by a transmitter (Tx). Perfect coupling occurs when the red coil's axis is aligned 

with the magnetic field lines, maximizing the magnetic flux through the coil. Null coupling 

occurs when the coil's axis is perpendicular to the field lines, resulting in zero flux. 

(emgeosci.xyz. Fig. 92) 
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For a tabular conductor such as a massive sulfide lens or a graphitic shear zone, the coupling 

depends critically on the relative orientation between the conductor's strike and dip and the 

transmitter loop's orientation. A vertically-oriented transmitter loop generates a primarily 

horizontal magnetic field at depth, which couples strongly with sub-vertical conductors but 

poorly with horizontal conductors. This geometric relationship is fundamental to 

understanding the limitations of conventional single-component transmitter systems. 

1.4.2 Limitations of Single-Component Systems 

Traditional EM systems utilize a single transmitter loop in a fixed orientation, typically either 

horizontal or vertical. This configuration suffers from a fundamental limitation: targets whose 

orientation results in poor coupling with the transmitter will produce weak responses that 

may be undetectable, particularly at depth where signal strength is weak. This orientation 

dependency means that single-component systems may fail to detect certain conductors 

regardless of their size or conductivity, simply due to unfavorable geometric relationships. 

In exploration practice, this problem is partially addressed by using multiple transmitter 

locations and multiple survey lines at different azimuths or running forward models to plan 

the loop size, location and orientation prior to deployment. However, these approaches add 

logistical complexity and may still miss targets with specific orientations that are different 

from those assumed in the forward modelling. A more comprehensive solution is to employ 

multiple transmitter orientations simultaneously, ensuring that at least one component 

achieves adequate coupling regardless of target orientation (Smith, 2018). 
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1.5 Approaches to Deep Exploration 

1.5.1 Low-Frequency Systems 

One approach to increasing exploration depth is to employ lower base frequencies, which 

(like the frequency domain systems introduced above) provide greater penetration depth due 

to reduced attenuation in the Earth. 

 

However, low-frequency operation presents significant challenges. Lower frequencies require 

longer recording times to achieve an adequate signal-to-noise ratio via stacking to reduce the 

noise (Macnae et al., 1984). Despite these challenges, low-frequency systems have been 

developed and have demonstrated improved detection of deep targets in several case studies 

(Konieczny et al., 2016; Smiarowski and Konieczny, 2019; Gisselø et al., 2020; Burrows et 

al., 2023). 

1.5.2 Large-Moment Transmitters 

Another approach to deep exploration is to increase the transmitter moment, which is the 

product of loop area and current. Larger moments generate stronger primary fields, which in 

turn induce stronger currents in deep conductors and produce more detectable secondary 

fields. This can be achieved by increasing either the loop size or the current, or both. Ground-

based systems employ high-power transmitters capable of driving large currents through 

multi-turn transmitter loops, one example of which is the transmitter (Cattach, 2012) used for 

the sub-audio magnetic method (Cattach et al., 1993). 

 

However, large-moment systems face practical limitations. Large ground loops require 

increased setup time and are often not able to be mobilized in areas with dense vegetation or 

rugged terrain. High-power transmitter systems required by large ground loop systems add 
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significant time and cost to field operations. These high-power systems are also heavy, 

expensive, and require serious safety considerations due to the large amount power used 

when operating them. Airborne systems, while more mobile, are constrained by the weight 

and power requirements of large transmitter systems. The current generation of production 

EM systems represents a balance between transmitter moment, operational practicality, and 

cost-effectiveness (Yu and Zhang, 2013). 

1.5.3 Multi-Transmitter and Multi-Receiver Systems 

A fundamentally different approach to improving detection capabilities involves collecting 

data from multiple transmitter positions and multiple receiver locations. Lymburner and 

Smith (2015) demonstrated that a system using multiple transmitters and receivers could 

achieve both deep and focused exploration. By moving a transmitter to occupy different 

positions and recording data at an array of receiver stations, the resulting multi-position 

dataset contains more information about the target's geometry and provides opportunities for 

spatial stacking to improve signal-to-noise ratios. 

 

Kolaj and Smith (2015) extended this concept by demonstrating that combining data from 

multiple transmitter positions could substantially improve target detection through spatial 

stacking. Critically, they showed that multiple transmitter positions could overcome the 

coupling limitations inherent to any single transmitter position. The spatial patterns in the 

response could also be analyzed to determine target geometry, including strike, dip, and 

conductivity-thickness product. These studies established the theoretical foundation for multi-

component transmitter systems. 
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1.6 Three-Component Transmitter Concept 

1.6.1 System Configuration 

The three-component transmitter (3CTx) concept represents a logical extension of multi-

transmitter approaches. Rather than sequentially deploying transmitters in different 

orientations or positions, a 3CTx system employs three orthogonal, co-located transmitter 

loops that operate simultaneously. Each loop generates a primary field in a different 

orientation (typically horizontal, vertical north-south, and vertical east-west), ensuring that 

regardless of target orientation, at least one component achieves favorable coupling (Smith, 

2018; Finlayson, 2021). A survey that employs a distributed array of transmitters and 

receivers provides a much richer dataset than a conventional single-loop survey. Just as a CT 

scanner combines X-ray images from many angles to create a detailed 3D image of an object, 

data from multiple Tx-Rx pairs can be mathematically combined (Kolaj and Smith, 2015) to 

"focus" the electromagnetic energy on a specific location in the subsurface. By summing the 

responses from different transmitter positions with appropriate weighting, the signal from a 

target at the focal point can be constructively reinforced, while signals from other areas (and 

incoherent noise) are suppressed. This spatial stacking not only increases the signal-to-noise 

ratio but also allows for a more focused interrogation of specific volumes of rock which can 

help to distinguish between closely spaced conductors as an example. This ability to focus the 

response is a key motivation for developing multi-component transmitter systems like the 

3CTx. The key innovation that makes simultaneous operation practical is the use of distinct 
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base frequencies for each transmitter component. By operating each loop at a different 

frequency with no overlapping harmonics, the composite signal measured at any receiver can 

be separated during post-processing to recover the individual responses from each 

transmitter. This frequency multiplexing approach eliminates the need for sequential 

measurements while preserving the full information content of the three-component 

configuration. 

1.6.2 Advantages for Deep Exploration 

The 3CTx configuration offers several theoretical advantages that could allow for exploration 

at large depths. First, the multiple transmitter orientations ensure adequate coupling to targets 

with any orientation, eliminating blind spots inherent to single-component systems. Second, 

the simultaneous operation at multiple frequencies provides redundant measurements that can 

be time-effectively stacked to improve signal-to-noise ratios. Third, the multiplicity of 

transmitter positions (when the 3CTx system is moved to different locations) provides the 

spatial diversity needed for enhanced target characterization and detection (Kolaj and Smith, 

2015). 

 

Additionally, three-component transmitter systems offer potential advantages for detecting 

extremely conductive bodies such as massive sulfide deposits. For such strong conductors, 

the secondary response can be dominated by the primary field unless special processing is 

applied. Smith (2018) demonstrated that by analyzing geometric invariants of the magnetic 

field components, the primary field can be removed, allowing the secondary response to be 

isolated even for very strong conductors. This capability is only possible with multi-

component transmitter data. 

1.7 The Challenge of Multiple Conductors 
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1.7.1 Masking Effects in Conductive Terrains 

A common challenge in mineral exploration is the presence of multiple conductive bodies 

with vastly different sizes and conductivities. Regional-scale conductors such as graphitic 

shear zones or sedimentary formations can extend for tens of kilometers and generate strong 

and slowly decaying electromagnetic responses that dominate survey data. Smaller, localized 

conductors such as massive sulfide lenses may be completely masked by the regional 

response, making detection extremely difficult even when the local target would produce a 

readily detectable signal in isolation. Examples of such situations are in the Raglan area of 

Quebec, where smaller ore bodies are close to regional conductors (Osmond et al., 2002; 

Balch, 2005) and greenstone belts, where there are graphitic conductors adjacent to massive 

sulfides or other sulphide bearing mineral deposits (Keating et al., 2003; Devriese and 

Witherly, 2018; Adetunji et al., 2025).    

 

Traditional approaches to this problem involve attempting to design the survey geometry 

such that the transmitter is null-coupled to the regional conductor. If successful, this 

minimizes the regional response while preserving sensitivity to the local target. However, 

achieving effective null coupling requires accurate a priori knowledge of the regional 

conductor's orientation and extent, which is often not available. Furthermore, even with 

careful survey design, residual regional responses can still obscure local targets, particularly 

when the conductivity contrast is large. 

1.7.2 Limitations of Traditional Processing 

When multiple conductors are present, interpreting EM data becomes significantly more 

complex. Forward modeling and inversion algorithms must account for the interaction 

between conductors, which dramatically increases computational requirements. Simplified 
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approaches that assume isolated dipole sources break down when conductors are closely 

spaced or when one conductor's response dominates the data. Existing methods for 

processing multi-component transmitter data, such as the equivalent-dipole depth section 

approach of Lymburner and Smith (2015), work well for isolated conductors but struggle in 

the presence of strong regional responses. 

 

The method proposed by Kolaj and Smith (2015) for combining transmitters to illuminate 

specific conductors requires discretizing the entire subsurface and calculating the response 

from every possible dipole location and orientation. This approach is computationally 

intensive and assumes that targets can be adequately represented as dipoles, which may not 

be valid for large or geometrically complex conductors. More sophisticated 3D inversion 

methods (Kolaj and Smith, 2017) can handle multiple conductors but require significant 

computational resources and may still struggle when one conductor's response is orders of 

magnitude stronger than another's. 

1.8 Data-Driven Approaches: Principal Component Analysis 

1.8.1 Fundamentals of PCA 

Principal component analysis (PCA) is a statistical technique for dimensionality reduction 

that has found widespread application across many scientific disciplines (Jolliffe, 2002). The 

fundamental principle of PCA is to identify the directions of maximum variance in a high-

dimensional dataset and project the data onto a lower-dimensional space spanned by these 

principal directions. In the context of electromagnetic data, each measurement location and 

time window represents a dimension, and the principal components capture the dominant 

spatial and temporal patterns in the response. 
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The first principal component represents the direction of maximum variance in the data, the 

second principal component represents the direction of maximum remaining variance 

orthogonal to the first, and so on. For electromagnetic data containing responses from 

multiple conductors, the dominant regional conductor typically accounts for most of the 

variance and is spatial variation is therefore captured by the first few principal components. 

Local, weaker conductors contribute less to the total variance and appear in higher-order 

components or in the residual after removing the dominant components. 

1.8.2 Application to EM Data 

The application of PCA to electromagnetic data offers a data-driven alternative to physics-

based inversion for separating conductor signatures. Rather than assuming specific conductor 

geometries or attempting to model the full 3D distribution of conductivity, PCA extracts 

patterns directly from the measured data. When applied to multi-component transmitter and 

receiver data, PCA can identify the spatial signature associated with the regional conductor 

and separate it from local anomalies. This approach is particularly powerful when combined 

with the rich dataset provided by a distributed array of three-component transmitters and 

receivers. 

 

The key advantage of PCA in this application is that it requires no a priori assumptions about 

conductor geometry or location. The method automatically identifies the dominant patterns in 

the data, which correspond to the regional conductor's response, and can be removed to 

reveal weaker, localized signals. This data-driven approach is computationally efficient 

compared to full 3D inversion and provides interpretable visualizations that can guide 

subsequent detailed analysis or inversion studies. Unlike supervised machine learning 

methods, it does not require the generation of large training datasets with an enormous 

variety of regional and target responses. 
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1.9 Research Objectives and Thesis Structure 

1.9.1 Primary Objectives 

This thesis aims to overcome two fundamental challenges that limit the effectiveness of 

controlled-source electromagnetic methods in deep mineral exploration: the orientation-

dependent coupling problem and the masking of local targets by dominant regional 

conductors. To address these issues, the research pursues two primary objectives: 

 

First, this work seeks to advance the three-component transmitter (3CTx) concept from a 

theoretical framework to a physically realized system. The objective is to validate its practical 

feasibility through the design, construction, and field testing of a prototype. This validation 

will demonstrate that three co-located, orthogonal transmitters can operate simultaneously 

without significant cross-coupling, that their individual signals can be successfully separated 

during processing, and that the resulting data are comparable to those from conventional 

systems. 

 

Second, this research aims to develop and validate a data-driven processing workflow for 

differentiating between regional and local conductor signatures in multi-component EM data. 

The objective is to establish a PCA based methodology that can successfully extract the 

spatial signature of a dominant regional conductor. This will demonstrate that removing this 

signature can reveal otherwise masked local targets and confirm that the rich dataset from a 

three-component transmitter is critical to the method's success. 

1.9.2 Thesis Organization 
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This thesis is organized into a cohesive structure that guides the reader from the engineering 

challenge of system design through to the development of a novel data interpretation 

technique. 

 

The investigation begins in Chapter 2, which details the design, construction, and successful 

field testing of a prototype three-component transmitter (3CTx) system. This chapter 

validates the core feasibility of the 3CTx concept, confirming that simultaneous, multi-

orientation transmissions can be effectively deployed and processed. Part of this chapter has 

been accepted for publication in November issue of The Leading Edge and is coauthored by 

Richard Smith and Michael Finlayson (Zamperoni, Smith, & Finlayson, 2025).  This journal 

has a word limit of 5500 words (including references) and a limit of 12 figures. Other parts of 

the chapter are being prepared as a manuscript for submission to a journal.   

 

With the hardware's performance established, the focus shifts in Chapter 3 to a new method 

for data interpretation. This chapter presents a principal component analysis (PCA) workflow 

designed to untangle complex electromagnetic signals. Using synthetic models, it 

demonstrates how this data-driven approach can isolate the signature of a local target from 

that of a large, masking regional conductor.  This chapter is also accepted for publication in 

the November issue of The Leading Edge and is co-authored by Richard Smith (Zamperoni & 

Smith, 2025).   

 

The final chapter, Chapter 4, draws together the key findings from both the hardware and 

software investigations. It discusses the significant implications of this work for the mineral 

exploration industry and proposes avenues for future research, establishing a comprehensive 

foundation for the next generation of deep-seeking EM systems. 
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CHAPTER 2 

DESIGN, CONSTRUCTION AND INITIAL TESTING OF A NOVEL 

THREE-COMPONENT ELECTROMAGNETIC TRANSMITTER 

SYSTEM FOR DEEP MINERAL EXPLORATION 

Anthony Zamperoni, Richard Smith and Michael Finlayson 

[The content of the first part of this chapter has been accepted for publication] 

2.1 Introduction 

While the theoretical advantages of multi-component electromagnetic (EM) systems for deep 

exploration are well-established (Chapter 1), the practical implementation of such a system 

presents significant hardware and logistical challenges. The core concept of a three-

component transmitter (3CTx) utilizing three orthogonal, co-located loops operating 

simultaneously at distinct frequencies has been supported by extensive synthetic modeling 

(Kolaj and Smith, 2015; Smith, 2018) but requires physical validation to prove its viability in 

real-world conditions. Key questions regarding signal separation, cross-coupling between 

loops, and comparability with conventional systems can only be answered through the 

construction and testing of a physical prototype. 

 

This chapter addresses the hardware implementation of the 3CTx concept. It details the 

design, construction, and results from three field tests of a prototype 3CTx system. The 

primary objective is to validate the fundamental principles of the system: that signals from 

simultaneous transmissions can be effectively separated during processing, that cross-

coupling is manageable, and that the resulting data is comparable to that from existing 
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production EM systems, thereby proving the concept is a feasible foundation for future 

operational systems. 

2.2 Base Frequency, Data Stacking and Time Window Selection 

When all transmitters in a 3CTx operate simultaneously, the signal measured in any receiver 

coil represents the sum of three primary and three secondary magnetic fields. The signals are 

able to be separated and measured at the receiver by operating each transmitter at a distinct 

base frequency. For the work presented here, the frequency set of 30, 32.5, and 35 Hz was 

chosen. This set was selected to avoid overlapping odd harmonics between transmitters while 

maintaining sufficient separation from power line harmonics. 

 

To validate the frequency separation process, synthetic testing was undertaken by combining 

the three transmitter signals, powerline interference (60 Hz), and a low-frequency noise 

component simulating receiver coil oscillation, the combined data stream is shown in Figure 

3. 

 

Figure 3:  A 2000 ms long time series combining a 60 Hz powerline signal, three source 

signals (30, 32.5 and 35 Hz and a 0.5 Hz signal to simulate receiver coil oscillation 

(Finlayson, 2021). 
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A temporal stacking algorithm is applied to the synthetic signal three separate times, each 

time with an intent to separate out one of the original transmitter frequencies. The filter 

successfully recovered the original waveforms from each transmitter with less than 5% error, 

the results are presented in Figure 3. The algorithm was particularly effective at removing 

both coherent powerline noise and low-frequency interference generated by receiver coil 

movement in the Earth's magnetic field. In theory, a longer time series would permit more 

stacks, which should further reduce this error; however, the 2s window was sufficient to 

demonstrate the principle of signal separation. 

 

 

Figure 4:  Results of applying the stacking algorithm represented with the dashed orange 

line, compared to the original waveform represented by solid blue line. A) 60 Hz powerline 

signal, B) 30 Hz signal, C) 32.5 Hz signal, D) 35 Hz signal (Finlayson, 2021). 
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Additionally, for processing the off-time data, the selection of time windows is an important 

consideration. Following the recommendation of Finlayson (2021), the same set of window 

widths was used for all base frequencies. Because the chosen frequencies (30, 32.5, and 35 

Hz) are very close, their corresponding off-time periods are also very similar. Using identical 

time windows for all three components allows for a direct comparison of the measured decay 

curves. 

2.4 Design and Construction of Three-Component System 

The three-component transmitter (3CTx) prototype was developed with the assistance of Vale 

Canada's Innovation and Geophysics Group, with an intent to create the simplest possible 

structure that would allow for data collection. Two limitations of the prototype are: i) the 

small transmitter moments result in sharp signal drop off at moderate to large receiver offsets; 

and ii) the dimensions of the prototype and the amount of supplementary equipment required, 

would make the system difficult to transport in the field. These limitations could be addressed 

by increasing the size of the transmitter loops and making them lightweight or collapsable for 

easier transport or mounting the transmitter loops to an aircraft. The prototype transmitter 

frame consists of three 1 × 1 m square loops arranged orthogonally and constructed with 

wooden 2x4 inch planks and joined with non-magnetic brass fittings to prevent 

electromagnetic interference. Where the wires from different orientation transmitters were 

proximal, they were separated by 3 cm of wood and a 5 cm air gap. Acoustic foam was 

considered instead of air but was found not to be necessary. Another design feature was the 

inclusion of recessed slots carved into the frame to ensure even spacing of transmitter wires, a 

3D visualization of the 3CTx structure is presented in Figure 5 generated using openSCAD, 

an open-source 3D modelling software. 
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Figure 5: 3D model of the 3CTx structure a) plan view of the transmitter with loop 

dimensions 1 x 1 m. b) A 3D view of the transmitter system looking from approximately along 

a diagonal and from just above the top. C) A section view of one side of the horizontal 

transmitter loop showing the carved recess for the wires. 

 

The operation of the 3CTx system require three waveform generators, producing waveforms 

at 30, 32.5, and 35 Hz. The transmitter loops are powered using three signal amplifiers. 

Current flow through each loop is monitored using three separate multimeters. One of Vale’s 

four-channel receivers was used to monitor the current in each transmitter.  A second receiver 

was used to record the three components of the electromagnetic fields measured using Vale’s 

three-component tripod receiver system, which consists of three orthogonal Zonge coils. 

2.5 Data Collection and Processing 

The data was recorded with a sample rate of 64000 Hz with no additional gain applied. The 

three-component tripod receiver system contains an inertial measurement unit (IMU) and 
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GPS system which provides positional information about the location and orientation of each 

tripod leg. This orientation information is used when processing the collected data to 

mathematically “de-rotate” (i.e., apply a coordinate rotation to remove the arbitrary 

orientation of the physical tripod) the legs of the tripod and “re-orient” the measured three-

component data such that they align with traditional conventions for the x, y, and z 

components of the response.  

 

The raw data is initially processed using Vale’s in-house processing software EMS, which 

performs the derotation and allows viewing and processing of the time series data or export 

the data to plain text ASCII files. Results are presented which were generated using the 

processing functionality in EMS. The waveform viewer in EMS contains fast Fourier 

transform algorithms which are used to determine the spectral content of the recorded data 

and algorithms to stack the data to the different transmitter base frequencies.  

Differential GPS locations are collected at every station along the line and for the corners of 

all three transmitter loops. From this GPS data, csv files are created termed “line files” and 

“loop files” used in subsequent processing. 

2.6 Field Tests 

The first field test was designed to evaluate the 3CTx system's capability to simultaneously 

transmit from multiple co-located transmitter loops and then recover the signal resulting from 

each transmitter loop via stacking of the data. This test utilized two active transmitter loops 

and two receiver coils in different orientations. 

 

The survey was performed in Sudbury, Ontario, near Fielding Road, where the 60 Hz and 

harmonics are radiated from nearby powerlines, so this data is inappropriate for evaluating 
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the noise floor of the system but is sufficient for determining if the signal can be separated 

into separate frequencies. All readings were three-minutes in duration and data was recorded 

at multiple stations with different active transmitter loops. For this test, a single component 

receiver coil was used with varying separations and orientations relative to the transmitter.  A 

picture of a set-up with a vertical component receiver is presented in Figure 4. The data of 

any plots consisting of stacked receiver time series data will be in the units “adu” or arbitrary 

digitizer units. 

 

 

Figure 6: A picture taken during data collection using the 3CTx (right). There is a vertical 

coil at the apex of the tripod on the left and a horizontal coil on the ground about two meters 

to the left of the tripod. 

 

 

Results are presented from one configuration of this field test, it consists of two co-located 

vertical transmitter loops operating simultaneously at distinct frequencies (30 Hz and 32.5 

Hz), both loops are transmitting 100% duty cycle square waves, the survey schematics are 
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shown in Figure 7. The horizontal receiver coil is positioned to be at a 45-degree angle to 

both vertical loops. 

 

 

Figure 7: A plan view schematic showing which loops of the 3CTx system were active and the 

separation and orientation of the horizontal receiver coil relative to the transmitter. 

 

 

The data is successfully stacked, resolving the primary fields at both frequencies (Figure 8). 

The waveforms stacked at different frequencies are quite close in amplitude, as the horizontal 

coil was positioned close to a 45-degree angle to the two active vertical loops which would 

lead to very similar coupling coefficients between the two vertical loops and the receiver coil.   
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Figure 8: The stacked receiver waveform for the horizontal coil and the NS oriented vertical 

loop b) the stacked receiver waveform for the horizontal coil and the EW oriented vertical 

loop. 

 

The second field test with the 3CTx system is to repeat some of the previous experiments 

with all three transmitter loops active, and to collect data in an area with significantly less 

electromagnetic noise in comparison to the data collected in the first field test. For these 

experiments the transmitter and all auxiliary equipment was transported to Killarney 

Provincial Park. The location where the survey was performed is tens of kilometers from the 

nearest power lines. The decrease in electromagnetic background noise can be seen in the 

recorded data presented in Figure 9, which shows the spectral density plot of the time series 

data measured at a receiver coil located a) near Fielding Road in Sudbury and b) Killarney 

Provincial Park. Large spectral peaks are observed at 60 Hz (red rectangle) in the 

spectrogram of data collected near Fielding Road caused by the powerline.  The odd 

harmonics are almost as large. Compare that to the largest spectral peaks of the data collected 

at Killarney which occur at 30, 32.5 and 35 Hz (black rectangle). 



31 
 

 

Figure 9:  A spectrogram plot of receiver data collected using the 3CTx system at a) Fielding 

Road, Sudbury Ontario and b) Killarney Provincial Park. The 60 Hz powerline harmonic is 

identified in red for plot a) and the peaks associated with the base frequency are highlighted 

in the black rectangle. 

 

For this field test all three loops were driven by 3-volt peak-to-peak square waves which were 

amplified to about 44 volts resulting in each loop having a current of 3.9 amps.  The 

horizontal loop current (red curves on Figure 10) is transmitting at 30 Hz, the vertical loop 

current (blue lines) which is parallel to the x receiver coil is transmitting at 32.5 Hz and the 
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vertical loop normal to the previous loop (oriented parallel to the y receiver coil) is 

transmitting current at 35 Hz (green lines). The cross coupling between the transmitter loops 

is assessed by stacking the current monitor data for each transmitter loop and evaluate the 

residual signal present in the inactive transmitter loops. 

 

 

Figure 10:  The stacked current monitor data at all three base frequencies for all three 

transmitter loops (any residual signal for non-base frequency stacking is the result of cross 

coupling). 

 

The results presented in Figure 10 show that current in a given transmitter loop is being 

generated as a result of cross coupling from another loop being driven at a different 
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frequency.  However, the magnitude of this cross coupling is about three orders of magnitude 

smaller than the actual signal being transmitted through the respective loop.  

Next, results are presented from a survey conducted down a 60 m long path in Killarney with 

all three transmitter loops active. The results from the closest and furthest station are 

presented in Figure 11 for comparison, the closest station has a 5 m offset from the 

transmitter system and the farthest has a 50 m offset. The stacking allows separation of 

signals from each individual transmitter at each receiver station. It was observed that for all 

cases the stacked waveform with the largest amplitude for each receiver coil corresponds to 

the transmitter loop with which the receiver coil has the best coupling. The 35 Hz signal is 

being transmitted from a loop that has a dipole directed approximately in the x direction; 32.5 

Hz is a y directed dipole transmitter and 30 Hz is the z dipole transmitter. Comparing the top 

row of plots at the smallest offset to the bottom row of plots at the largest offset there is an 

obvious and significant drop off in signal strength due to increased transmitter receiver 

separation. It was possible to cleanly stack the signal from transmitters that couple well to a 

given receiver coil, however for the case where the coupling is weaker to the coil it is harder 

to retrieve the signal. 
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Figure 11:  Stacked receiver coil data for the three receiver components (x,y,z) and for all 

three transmitter loops operating at the set of base frequencies (30, 32.5, 35 Hz). The 

horizontal transmitter loop is operating at 30 Hz (z comp), and the two vertical loops normal 

to profile at32.5 Hz (y comp) and 35 Hz (x comp). 

 

The discussions so far were concerning the pre deconvolution waveforms, which are 

dominated by the primary field.  The goal of the third field test was to deconvolve the data to 

the step response and remove the primary at a location where there is a known conductive 

geologic target in Sudbury, Ontario. An additional dataset collected during a previous EM 

survey over the same target is used for comparison, this data set was collected using a 

traditional fixed 30.25 Hz ground loop (a large transmitter loop laid on the ground surface) 

located at the west most extent of the profile (blue dots on Figure 12). The 3CTx was 

positioned on the eastern side of the profile (yellow square) and a reduced number of stations 
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were surveyed compared to the ground loop data (black crosses) the relative beginning and 

end of the profile surveyed with the 3CTx is shown with a green and red vertical line 

respectively.  

 

The approximate location of the conductor along the profile is shown in Figure 12 as red 

semi-transparent polygon, the target in this case is known to be highly conductive and 

shallowly dipping to the south. Note that for the 3CTx survey, most stations lie on the 

anomaly, whereas the ground loop data set has receiver stations to either side of the anomaly 

which will capture the complete width of the conductor response. 
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Figure 12:  Field Test 3 located in the North Range of the Sudbury Igneous Complex, 3CTx 

loop locations are shown as different colored square markers. Ground loop receiver stations 

are plotted as yellow circles. The surface projection of the conductor is represented as the 

green and red polygons, where the green represents a net textured disseminated sulfide and 

the red is massive sulfide. The 3CTx data was collected on the first 10 survey station 

locations from west to east.  

 

The 3CTx survey was conducted using 100 percent duty cycle square waveforms at base 

frequencies of 30.0, 32.5 and 35.0 Hz and the receiver was the three-component tripod. The 
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EMS software suite was used to de-rotate the receiver to the x, y and z components and 

calculate the primary field using the loop vertices and receiver positions measured using 

differential GPS with sub cm accuracy. The time windows for both data sets are presented in 

Table 1, note that data follows UTEM conventions in which the first time channel occurs at 

the latest time. 

 

Table 1.  Channel sampling scheme for field test 3, time window start and end times in 

milliseconds.  

When processing the data, the effect of the primary magnetic field is removed from the data 

in channels 2 through 8, using the channel 1 data as an approximation of the primary 

magnetic field. Additionally, the channel 1 data has the calculated primary removed, which 

shows an estimate of the in-phase response from the target, plus any positioning errors or 

induced magnetic fields (West et al., 1984).  The z-component data after primary field 

removal for the horizontal loop of the 3CTx recorded at loop position 1 (red square in Figure 

12) is shown in Figure 13a and the equivalent profile for the ground loop data in Figure 13b. 

As the profiles have different lengths, the same locations on both profiles are shown with 

green and red dashed vertical lines. These markers provide a visual guide as to where the 

Window Color on plots Start time (ms) End time (ms) 

1 Dark green 7.433 15.500 

2 Light green 3.716 7.433 

3 Yellow 1.858 3.716 

4 Light orange 0.929 1.858 

5 Dark orange 0.464 0.929 

6 Red 0.232 0.464 

7 Red/purple 0.116 0.232 

8 Purple  0.058 0.116 
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3CTx data starts within the fixed ground loop data. Figure 14a and Figure 14b show the x, y 

and z response for the 3CTx at loop position 1 and the ground loop to the west, (where Hw is 

equivalent to the z component and Hs and Hn are equivalent to the x and y components 

respectively). Note that the x axis “Receiver Station #” is an arbitrary receiver naming 

convention and does not correlate to distance from transmitter or distance along profile. It is 

shown that all three components, are meaningfully different in their decay rate and 

amplitudes, additionally, processed data from the 3CTx system is presenting the same 

response characteristics seen in the ground loop data, for example in Figure 13 both z 

component responses show a negative double peak from approximates station 350 to 500.  
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Figure 13: the 3CTx z component data for the horizontal transmitter loop (30 Hz) b) the z 

component response from the fixed ground loop with additional station coverage to the left of 

the profile. (30.25 Hz). 

 

 

 

 

 

 

 



40 
 

 

 

 

 

Figure 14: the 3CTx reduced total response data (Hw, Hs, Hn)  for the horizontal transmitter 

loop (30 Hz) b) the reduced total response data (Hw, Hs, Hn) of the fixed ground loop with 

additional station coverage (30.25 Hz) 

 

While Figures 13 and 14 directly compare measure data between the horizontal loop 

transmitter (30 Hz) and the conventional ground loop, data is examined from all three 



41 
 

transmitter locations depicted in Figure 12 to fully characterize the 3CTx system's 

performance. 

 

 

Figure 15: The z-component response data over WD16 profile from a) horizontal loop (30 

Hz) at loop positions 1,2,3. b) The x-component response data over WD16 profile from 

horizontal loop (30 Hz) at loop positions 1,2,3. c) The y-component response data over 

WD16 profile from horizontal loop (30 Hz) at loop positions 1, 2, 3. 

 

The data collected from the horizontal loop at all three transmitter positions outlined in 

Figure 12 are processed and presented in Figure 15, the z, x and y components of the response 

are shown in the first second and third row respectively. The data is plotted for channels 5-8, 
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each transmitter position provides distinct coupling to the target conductor and are energizing 

the conductive body at different locations, the results of this are evident in the varying 

response amplitudes and decay characteristics across the three datasets. 

 

Row 1 of Figure 15 shows the z-component response from the horizontal loop of the 3CTx 

system at the three separate transmitter loop positions. It can be seen that for all three 

transmitter positions, the data is resolving the WD16 conductor characterized by dual 

negative anomaly peaks. It should be noted that the decay characteristics are different at each 

location, and the peak at station 450 is consistent across all positions. The first negative peak 

at station 350 is being seen earlier and lower amplitude at loop position 3 which is on the 

west side of the conductor.  

 

Row 2 of Figure 15 shows the x-component response from the horizontal loop of the 3CTx 

system. The x-component response of the WD16 anomaly in this case is manifesting as a dual 

positive peak at loop position 1 which is notably different than loop positions 2 and 3 where 

the response in both cases show a small positive anomaly around station 300 and a large 

negative anomaly between stations 450 and 500.  

 

Row 3 of Figure 15 shows the y-component of the response from the different 3CTx loop 

locations. The data from all three transmitter positions along the profiles in this case are 

showing the same general shape of the response. The y-component response of the WD16 

conductor is characterized by a negative anomaly at or around station 300 which transitions 

into a positive peak around station 450. It should be noted that the crossover location and 

decay characteristics of the two anomalies vary for each loop position. 
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The horizontal loop produces more symmetric responses with gradual amplitude variations, 

consistent with its broad spatial coverage. Both vertical loops show stronger dipolar 

characteristics with sharper transitions near the conductor location (approximately station 

400), which could be useful for determining conductor position and geometry. Data is also 

processed from the vertical transmitter loops, Figure 16 presents the z, x and y component 

response data attributed to the vertical east-west striking transmitter loop at loop position 1. 

Specifically, the x component response is very close to the noise floor and thus no distinct 

anomalies are identifiable except for a broad small negative anomaly. The z component 

response by contrast again shows a large negative peak near station 350 which is consistent 

with what was observed for the z-component responses in Figure 15. All these responses are 

significant because they give high confidence that the same conductor signature is being 

viewed in the recorded and processed data from different transmitter locations, orientations 

and base frequencies while all loops are operating simultaneously.  
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Figure 16: the 3CTx a) z-component response data for the vertical loop (32.5 Hz) at 

transmitter loop position 1. b) x-component response data for the vertical loop (32.5 Hz) at 

transmitter loop position 1. c)  y-component response data for the vertical loop (32.5 Hz) at 

transmitter loop position 1. 

 

2.8 3CTx Data Modelling 

To further validate the 3CTx system and demonstrate the internal consistency of the collected 

data,  electromagnetic plate modelling was conducted on datasets from two transmitter 
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positions. The modelling was performed using the EM forward modelling software “Provus” 

which was developed by Novaminex (n.d). Provus calculates the plate response using a 

complete set of continuous basis functions which allow the eddy current patterns to diffuse 

correctly between early and late times. The fitting of the 3CTx data with a plate model 

represents a critical validation step, as successful modelling of field data demonstrates not 

only that the 3CTx system can collect interpretable data, but also that the data processing 

workflow effectively separates and recovers the individual transmitter signals. 

 

The modelling focused on two datasets collected during field test 3 as were shown in Figure 

12, loop position 1 (LOOPPOS1) and loop position 3 (LOOPPOS3), these two transmitter 

locations straddle the WD16 conductor to the east and west, respectively. For each dataset, all 

three components of the electromagnetic response were modelled for channels 5 through 8, 

corresponding to time windows ranging from approximately 0.9 ms to 15.5 ms after current 

turn-off. The modelling workflow involved iteratively adjusting the plate parameters 

including position, orientation, strike length, dip, depth, conductance, and thickness until a 

satisfactory fit was achieved between the modelled and measured responses. This approach 

tests whether a single geological model can simultaneously explain data collected with 

different transmitter locations and orientations. Additionally, if both data sets can be roughly 

explained with a plate model that is representative of the ground truth (shallow conductive 

target dipping to the south) then this would further validate the data collected using the 3CTx 

system. The plate conductor is shown in plan view relative to the stations and transmitter 

loops in Figure 17, additionally the parameters of the plate conductor are listed in Table 4. 
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Figure 17:  plan view of the survey profile, transmitter positions and the plate conductor 

which was fit to the measured data. 

 

 

Parameter Value 

Reference point x (m) 497,447.03 

Reference point y (m) 5,177,700.06 

Reference point z (m) 340.28 

Conductance (S) 150.0000 

Table 2. Provus plate conductor Parameters 
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Parameter Value 

Strike length (m) 140.34 

Depth extent (m) 241.48 

Dip (°) 165.00 

Dip direction (°) 0 
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Figure 18:  z, x and y component of the response for the horizontal loop data at loop position 

1 (solid lines) vs the forward modelled response for a plate target in Provus (dashed). 

 

The results for LOOPPOS1 are presented in Figure 18, which shows the measured versus 

modelled response for the 30 Hz horizontal loop for the x, y and z component of the response. 

The modelled responses (shown as dashed lines) demonstrate reasonable agreement with the 

measured data (solid lines) across most channels and components. For the z-component of the 
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response, the model successfully captures the general shape and decay characteristics of the 

anomaly, particularly at stations 300-450 where the conductor response is strongest. Further, 

both measured and modelled responses converging toward similar values at station 500. 

Some large deviations are observed at station 275 for all components, which may reflect the 

decrease in signal at the stations furthest from the loop in the measured data. The x-

component data (along-profile horizontal magnetic field) shows similarly strong agreement 

between measured and modelled responses. The characteristic positive anomaly around 

station 350, followed by the transition through zero and into negative values, is present in 

both the measured and modelled data although the modelled peak is too wide. The y-

component of the response (cross-profile horizontal magnetic field) exhibits the expected 

bipolar response associated with an off-profile conductor, and the model captures both the 

negative values at stations 275-350 and the transition to less negative values at stations 375-

500. 
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Figure 19:  z, x and y component of the response for the horizontal loop data at loop position 

3 (solid lines) vs the forward modelled response for a plate target in Provus (dashed). 

 

The results for LOOPPOS3 are shown in Figure 19, the same plate conductor was used for 

this data set and found that despite the transmitters being on either side of the conductor, the 

same characteristic shape of the measured conductor response was generated by the forward 

model. The misfits for the model at the transmitter location are much larger than in Figure 18 
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and are mostly due to large amplitude discrepancies. The z-component shows a large negative 

anomaly centered around station 450 which is replicated in the model data, with the plate 

model also capturing the rapid decay toward station 500.  

 

For the x-component of LOOPPOS3, the modelled response captures the progressive 

development of stronger negative responses from stations 350 to 475 but with dramatically 

lower amplitude. The y-component shows the large positive anomaly that develops in the 

later channels is accurately reproduced by the model at lower amplitudes. 

 

The successful modelling of both datasets using a consistent geological model which is in 

agreement with the ground truth in the survey area, represents strong evidence for the validity 

and reliability of the 3CTx system. Several key conclusions can be drawn from this analysis. 

First, the ability to model data from two distinct surveys with different transmitter locations 

with all 3 transmitters operating simultaneously demonstrates that the signal separation and 

processing techniques are working effectively. If there were significant cross-talk between 

transmitters or errors in the separation, the modelling would not produce consistent results 

across different transmitter configurations. Second, the internal consistency between the two 

datasets both of which can be explained by the same conductor model provides confidence 

that the 3CTx system is producing geologically meaningful data that can be interpreted using 

standard electromagnetic theory and modeling tools. 

 

These modelling results, combined with the earlier field tests demonstrating successful signal 

separation and the comparison with existing ground loop data, provide comprehensive 

validation of the 3CTx system. This validation provides confidence that the 3CTx approach is 
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a viable method for mineral exploration applications and that the data quality is sufficient for 

quantitative interpretation and target characterization. 

 

2.8 Conclusions 

Several important practical considerations emerged from the prototype testing that warrant 

further investigation. It was observed that cross-coupling between transmitter loops produces 

signals two to three orders of magnitude smaller than the primary signals, this level of 

interference might still be problematic for detecting small, deep or poorly conducting targets. 

Additional testing over known targets of varying conductivity and depth would help better 

understand this issue.  

 

A significant challenge is the rapid decrease in signal strength with increasing transmitter-

receiver offset. At the maximum tested offset of 50 m, signals from weakly coupled 

transmitter-receiver pairs became difficult to resolve even in the relatively noise-free 

environment of Killarney Provincial Park. This suggests several possible modifications for 

future implementations beyond the prototype: 

 

1) The system could be operated in a moving-loop configuration to maintain smaller 

transmitter-receiver offsets.  This would introduce additional logistical complexities and 

potentially reduce the advantages of having multiple fixed transmitter positions; it would 

however be an enhanced alternative to a MaxMin system that could provide additional 

information about the offset, strike and dip of a conductive target (e.g. Desmarais and Smith, 

2016a; 2016b). 
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2) The transmitter moments could be increased in subsequent implementations of the system. 

While adding more wire turns would increase the moment, care would be required to not 

increase cross-coupling between loops.  It would also increase the weight. The loop 

dimensions could be increased beyond the current 1 m × 1 m design. Larger loops would 

provide greater moments while maintaining reasonable current levels. Such large loops might 

be constructed to be field portable by making them collapsible to move them through the 

bush.  Finally, the moment could be increased by building larger power supplies or 

transmitters/amplifiers, which will also increase the weight.  All these challenges of 

increasing the moment could be addressed by carrying the three-component transmitter below 

a helicopter or attaching it to a fixed-wing aircraft or lighter-than-air vehicle.  This would 

allow the transmitter to be moved around and occupy multiple transmitter positions ensuring 

multiple coupling locations, many of which should result in strong coupling.  The data from 

all these transmitters could also be combined to give a composite transmitter with a large 

signal-to-noise ratio, as proposed by Kolaj and Smith (2015).  
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CHAPTER 3 

DIFFERENTIATING BETWEEN CONDUCTOR SIGNATURES IN 

ELECTROMAGNETIC DATA USING PRINCIPAL COMPONENT 

ANALYSIS 

Anthony Zamperoni and Richard S. Smith 

[The content of this chapter has been accepted for publication] 

3.1 Introduction 

A persistent challenge in mineral exploration is the masking of localized, economically 

significant conductors by the dominant EM response of large, regional conductors. A 

common example of such a case is the search for small, lens-shaped massive sulfide (VMS) 

deposits that are situated within extensive, highly conductive layers of graphitic schists. In 

this setting, the large graphitic units act as a "nuisance" conductor whose response can 

completely obscure the sulfide target. 

 

A traditional approach to this problem is to carefully design the survey geometry to null-

couple the transmitter to the regional conductor. This involves orienting the transmitter loop 

so its primary magnetic field does not effectively induce currents in the regional body, 

thereby minimizing its response. Figure 20 illustrates this principle, showing how a 

conductive plate can be oriented for either maximum or null coupling relative to a 

transmitter's magnetic field. However, achieving effective null coupling is often a difficult 

task without precise a priori knowledge of the regional conductor's geometry. Furthermore, 
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alternative methods like computationally expensive 3D inversions can still struggle to resolve 

weak, local anomalies against a strong background response. 

 

This chapter presents a novel, data-driven workflow for isolating the EM response of local 

conductors from that of dominant regional conductors. It uses the multidimensional dataset 

provided by a distributed array of three-component transmitters and receivers and apply 

principal component analysis (PCA), a statistical technique, to separate the distinct spatial 

signatures of the conductors. Using synthetic data from industry-standard modeling software, 

this study aims to demonstrate that PCA can successfully extract the regional signature, 

allowing the otherwise masked response of the local conductor to be clearly identified and its 

geometry interpreted. 
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3.3 

Methodology 

For this synthetic example and proof of concept, the EM plate modelling program Maxwell is 

used (EMIT, 2024), which is industry standard software used to simulate the electromagnetic 

Figure 20: A) a conductive target (red rectangle) oriented relative to the 

red transmitter loop such that it would be near max coupled to the 

magnetic field of the transmitter. B) a conductive target (red rectangle) 

oriented relative to the red transmitter loop such that it would be near null 

coupled to the magnetic field of the transmitter. 
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response of thin plate conductors in a resistive half space. When modeling multiple plates, 

Maxwell computes the response of each plate independently and sums the results (i.e., 

superposition without cross-coupling between plates). Maxwell is used to generate synthetic 

time-domain EM data for three distinct sets of plate models that approximate different 

geologic settings in which the local conductor is masked by the more dominant response of a 

regional conductor. For robustness,  2% gaussian noise was added to all synthetic data 

generated using Maxwell; the forward model for all data presented was calculated using a 4 

Hz base frequency 50% duty-cycle square wave with a 1.0 ms ramp, with data recorded at 30 

time channels ranging from 0.875 ms to 59.6 ms after transmitter shut off. 
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Figure 21: Synthetic data survey design (three-component transmitters and receiver lines). 
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The survey configuration used in the forward model data calculation is shown in plan view in 

Figure 21; there are 11 receiver lines with 100 m line spacing bearing east-west with 21 

three-component dipole receiver stations in each line (circular dots). Also, in Figure 21 there 

are 88 unique transmitter locations with three co-orthogonal 25 x 25 m wire loop transmitters 

at each position for a total of 264 unique transmitters in the dataset. The forward model is 

computed and saved along every receiver line for every transmitter; this results in 182,952 

unique readings for one geologic model approximated with two thin-plate conductors. The 

plate models generated in Maxwell and used to approximate three different geologic settings 

are presented in plan view in Figure 22 and in section view looking north in Figure 23.  

 

Figure 22:  Plate models showing the plan view of the local target (blue) and regional target 

(red) for Plate Model 1 (A), Plate Model 2 (B), Plate Model 3 (C). 
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Figure 23:  Plate models showing the section view looking east  of the local target (blue) and 

regional target (red) for Plate Model 1 (A), Plate Model 2 (B), Plate Model 3 (C). 

 

The models were created to test the ability of the methodology to detect the local target in 

different settings. Model 1 shown in Figure 22 A represents the case in which the local target 

is dipping normal to the regional conductor and is seated just north of the center of the larger 

body with the strike direction of the target being roughly east-west. Model 2, shown in Figure 

22 B, represents the case in which the x, y location of the center of the local target is shifted 

away from the center of the regional structure and the strike direction of the target is 

approximately north-south. Finally, Model 3, shown in Figure 22 C, is the case in which the 

local target is centred with the regional, has a dip of 80 degrees and is striking north-west. All 

of the plate parameters used in the generation of the synthetic data for all models can be seen 

in Table 3 
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Since the goal of this example is to detect the presence of the local target in these synthetic 

data sets, it is important to have an understanding of the local target response relative to the 

regional target so that results may be properly assessed. Figure 24 A shows the channel 15 z-

component response data of the isolated regional target of Model 3 as measured on Line 

10400 N which is the receiver line at 10400 North in Figure 21. Figure 24 B shows the 

Target Model 1 

Regional 

Model 1 

Local 

Model 2 

Regional 

Model 2 

Local 

Model 3 

Regional 

Model 3 

Local 

Center (m) (east, 

north, height) 

10005, 10400, 

-300 

10043, 10814, 

-315 

10000, 

10500, -250 

9795, 10940, 

-150 

10025, 

10500, -300 

10025, 

10500, -300 

Strike length (m) 2000 250 1600 150 1200 200 

Depth extent (m) 500 150 400 100 500 200 

Dip 82 0 82 82 80 80 

Strike Direction 95 0 65 110 95 45 

Conductivity (S)  50 300 150 1500 300 500 

Table 3: Maxwell Plate model parameters (local & regional target)  
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equivalent isolated local target response. The magnitude of the response of the local target for 

the horizontal transmitter loop at (10100E, 10575N) is almost five orders of magnitude 

smaller than the total response (regional + local). 

 

Figure 24: A single z-component response profile for a Maxwell forward model with the 

regional plus local (blue) vs the much weaker equivalent response with only the local target 

included in the forward model (orange). Single channel (CH 15) data 2.065971 ms after 

switch off. 
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Figure 25: Gridded z-component response data for a single transmitter position (red). B) The 

left grid is the response for the local target alone, the right grid is for the response data 

generated with both the local and regional target included in the simulation. 

 

 

Figure 25 shows the gridded channel 15 response data for plate Model 3 from the same 

horizontal transmitter loop. Figure 25 A is the forward modelled response with only the local 

conductor included in the simulation and Figure 25 B is the forward modelled response with 

the regional and local conductor included in the calculation. On this and the equivalent 

figures for all transmitter positions and orientations, the response is dominated by the 

regional conductor, and it would prove difficult or impossible for someone to discern the 

existence or location of the local target by looking at the gridded data or manually examining 

the thousands of response profiles for this and the other channels.  Even wavelength filtering 

would have trouble separating the two responses as their wavelengths are comparable. 
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3.4 Principal Component Analysis Implementation 

Traditional geophysical data processing often relies on deterministic approaches which 

typically require significant a priori information or assumptions about the subsurface 

geology, the nature of the target, and noise characteristics. Principal component analysis 

(PCA) was used for this application as the method offers several unique advantages. Firstly, it 

is mathematically “transparent” and deterministic making it easy to understand how the 

separation is achieved. The method also requires no training data, and the results are 

reproducible as it is not dependent on random initialization. Finally, the computational 

requirements are minimal compared to deep learning approaches. PCA, offers a data-driven 

approach, it extracts the dominant patterns and relationships directly from the dataset itself 

without explicit prior knowledge or assumptions. This allows PCA to potentially identify and 

separate signals be they geological responses, instrumental effects, or coherent noise. Such 

signals might be difficult to isolate or even recognize with conventional methods. In this case 

the goal is to distinguish the response of the smaller 'local' conductive target from a large 

regional 'nuisance' conductor by identifying and separating their distinct spatial signatures 

from the distributed three-component transmitter and receiver array dataset. 

 

PCA is a linear dimensionality reduction technique that transforms a dataset into a new 

coordinate system where the greatest variance is projected onto the first coordinate (the first 

principal component), the second greatest variance onto the second, and so on (Jolliffe, 2002; 

Shlens, 2014). For this application, the electromagnetic survey data are aggregated into a 

comprehensive data matrix, X, of M rows by N columns. Each row corresponds to the 

response measured at a particular receiver station for one of three orthogonal components at 

one of the post-shutoff delay times. The N columns represent the unique transmitter locations 

and orientations. The initial step involves centering the data by subtracting the mean response 
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of each row from all entries in that row, resulting in a centered data matrix, 𝑋௖, which 

represents the deviation of each measurement from its average behavior. The analysis makes 

use of singular Value Decomposition (SVD) a matrix factorization technique that 

decomposes the centered matrix according to the relation 𝑋௖ = 𝑈𝛬𝑉்(Golub and Van Loan, 

2013). Here, the columns of the orthogonal matrix U are the principal components, forming 

an orthonormal basis that defines the directions of maximum variance. The diagonal matrix 𝛬 

contains the non-negative singular values in descending order, whose squares directly 

quantify the variance captured by each corresponding principal component. The rows of the 

orthogonal matrix 𝑉்represent the projection of the original N sources onto the new principal 

component axes. The first few principal components are assumed to capture the dominant, 

spatially coherent signal from the large regional conductor. To isolate local anomalies, a 

representation of this background is built using the first k components and subtracted from 

the centered data to compute the residual matrix: 

 

𝑅 = 𝑋௖ − 𝑈௞𝛬௞𝑉௞
் 

 

To obtain the final data with the regional component removed, the previously subtracted 

mean is added back to this residual. For visualization purposes, the residual energy at each 

measurement location 𝑗 is calculated as 𝐸(𝑗) = ∑ [𝑅(𝑚, 𝑛)]ଶ௡ୀଵ,ெ , where the summation is 

performed over all N source configurations and can be done for each component separately or 

aggregated for all components. This squaring enforces sign independence as local conductors 

may produce responses of varying polarity and emphasizes larger deviations from the 

regional pattern. These energy values can then be used to create spatial maps that effectively 

identify local conductivity anomalies. 

 

(5) 
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3.5 Results 

Model 1 provides good conditions for PCA separation because of the discrepancy in 

orientation between the horizontal local target and the steep regional conductor. These targets 

will create fundamentally different electromagnetic response patterns which translate directly 

to mathematical separability in the principal component space. Additionally, since the local 

target in this case is flat with no dip, the residual energy distribution for the different 

components provides information that aids in understanding how the residual energy 

correlates to the target orientation. Results for this Model 1 are presented in Figures 26, 27 

and 28, for the z, x and y-component responses respectively. In these plots, channel 15 data 

was used as the signal from the local conductor was strong although still orders of magnitude 

less than the regional conductor signal, so still a difficult exploration problem. 
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Figure 26: A) Results for Plate Model 1: A) the z-component channel 15 residual energy with 

PC1 and PC2 removed. B) The spatial pattern of PC1 C) the spatial pattern of PC2. All plots 

have the outline of the regional (blue) and local (red) targets plotted in plan view. 

 



68 
 

 

Figure 27:  Results for Plate Model 1: A) the x-component channel 15 residual energy with 

PC1 and PC2 removed. B) The spatial pattern of PC1 C) the spatial pattern of PC2. All plots 

have the outline of the regional (blue) and local (red) targets plotted in plan view. 

 

The leftmost plot in each case shows the residual energy of the z, x and y component of the 

response measured at the receivers after removing the principal components 1 (PC1) and 2 

(PC2) from the data. The plots have the perimeter of the local and regional targets plotted in 

plan; this helps correlate the gridded data to the relative locations of the targets. Examining 

the two right panels, PC1 and PC2 are strongly correlated to the strike of the regional target 

which suggests the method is successfully estimating the contribution of the most dominant 

pattern in the data. The PC1 and PC2 reconstruction was then subtracted from the centered 

data matrix, this leaves the parts of the signal that were not explained by the dominant PC1 
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and PC2 patterns, these values represent the deviations from the average minus the 

contribution of the regional target as identified by the PCA analysis. Looking at the results 

for each receiver component individually, it is evident that the residual energy for the z-

component response is centered on top of the center of the horizontal plate (Figure 26); the 

result for the x and y components of the response are concentrated on either side of the plate 

(north south for the y-component (Figure 28) and east west for the x-component (Figure 27). 

The relative size of these x and y component peaks are comparable, consistent with a dip of 

zero. If the dip was to the north, expected behavior would be a larger y-component peak to 

the north. 

 

Figure 28:  Results for Plate Model 1: A) the y-component channel 15 residual energy with 

PC1 and PC2 removed. B) The spatial pattern of PC1 C) the spatial pattern of PC2. All plots 

have the outline of the regional (blue) and local (red) targets plotted in plan view 
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Next, the results for plate Model 2 are presented, which has the local target shifted to the 

extreme northwest and shares the same dip as the regional with a strike varying by 45 

degrees. Figures 29, 30 and 31 show the results of the PCA analysis for plate Model 2 and 

channel 15. Before the PCA analysis, the response looks like the regional response; after 

performing the PCA analysis and examining the residual energy plot, the signal attributed to 

the regional has been removed, leaving a clear indication of where the location of the local 

target. For this sub-vertical dip, the location of the x-component high and the zero in the z-

component residual energy gives the best indication of the top of the body and the strike 

direction and extent. The relative size of the peaks on either side of the conductor cannot be 

compared, as these peaks are off the grid, so the dip direction cannot be estimated. 

 

 

Figure 29:  Plate Model 2: (A) the z-component residual energy after removing PC 1 and 2 
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clearly outlining the location of the local conductor. (B) the averaged z-component CH 15 

data across all transmitters strongly representing the regional conductor trend. 

 

 

 

Figure 30:  Plate Model 2 (A) the x-component residual energy after removing PC 1 & 2 

clearly outlining the location of the local conductor. (B) the averaged x-component CH 15 

data across all transmitters strongly representing the regional conductor trend. 
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Figure 31: Plate Model 2 (A) the y-component residual energy after removing PC 1 & 2 

clearly outlining the location of the local conductor. (B) the averaged y-component CH 15 

data across all transmitters strongly resembling the regional conductor trend. 
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Finally, the results are presented for plate Model 3 in Figures 32, 33 and 34. Plate Model 3 

represents the most challenging scenario for local target detection as the local target is located 

at the center of the regional target and there is a smaller discrepancy in conductivity between 

the regional and local target. The less numerous and less pronounced the differences between 

the two targets, the more challenging it will be to successfully separate the data using the 

principal components. Looking at the results, it is observed that the edges of the residual 

energy anomalies are not as well defined as in previous examples, it is still possible to 

identify the location at the center of the survey area in between the two z-component highs 

and where the y-component peaks. The fact that the y-component peaks (rather than x-

component as in the previous example) is because this example is striking east-west, whereas 

the previous example was striking more north-south (Figure 34). The fact that the z-

component peak to the north is larger suggests a dip to the north (Figure 32). One of the 

limitations of the method is best seen in Figure 33 where the signal from the local target is 

sufficiently low such that it approaches the levels of gaussian noise that was added to the data 

and thus some incoherent noise appears in the plot. The y-component (Figure 34), which 

couples more strongly to the east-west local conductor, shows a stronger signal to noise and 

clearly shows the strike direction. To test the hypothesis that the multiple transmitter 

orientations at every transmitter location increases the detection capabilities of the method, 

PCA analysis is performed using only one transmitter orientation (vertical north south loop). 

The results are compared from the three-component transmitter with the x-component 

transmitter (for the same level of gaussian noise) in Figure 35. The one-component 

transmitter shows a dramatic increase of incoherent signal. This supports the idea that the 

additional transmitter orientations provide more data to better characterize the principal 

components attributed to the regional conductor, improving the residual calculation and local 

target detection. 










































