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Prediction of the response of high-frequency induction survey tools to 3-dimensional 

targets is needed to aid in tool and survey design, in the interpretation of data, and 

to analyze the interaction of the individual field components with the target of 

interest. To this end, two numerical algorithms (TSAR and NEC) were imported 

and adapted to solve geophysical electromagnetic problems. A third algorithm 

(EMIDSH) was used to quantitatively analyze the role of current channeling on 

the response of shallow targets, and to verify that the TSAR and NEC algorithms 

include the important effect of current channeling in their solution. 

TSAR (a finite difference time-domain algorithm) proved successful in modeling 

the ellipticity response of a vertical magnetic dipole placed over a homogenous 

and layered lossy dielectric as compared to published data in the 500 kHz to 30 

MHz range. Cell-size versus accuracy analyses show that little accuracy gains are 

made with a reduction of cell-size past the one-tenth effective wavelength modeling 

guideline. 

NEC (a method-of-moments algorithm) shows substantial but limited success 

in modeling the response of small loop antennas to perfectly and near-perfectly 

conducting geophysical targets (conductivity and permeability) in the 6.4 kHz to 8 

MHz range. Comparison of NEC results are made with analytic results, fields data, 

and other numerical algorithms. NEC shows substantial numerical error at lower 



frequencies due to the effective lengths (in wavelengths) of the wire segments used. 

Also, the Green's function look-up table used to interpolate the effect of half-space 

on target response is not optimized for the geophysical problem which can lead to 

substantial solution error at lower (kHz) frequencies. 

An integral equation solution (EMlDSH) analysis shows that the quantitative 

effect of increasing background conductivity (which affects both current channel

ing and target response) on the secondary field response of a buried thin-sheet can 

be greater that 120 percent in the geophysical induction range. Target parameter 

changes show current channeling to be greatest for targets that are shallow, that 

are horizontal, and have a large dimensional aspect ratio. Target and survey pa

rameter sensitivity analyses help to understand the relationship of these parameters 

to current channeling. 
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Chapter One: 

Introduction 

Forward modeling of the electromagnetic response of geophysical targets must be 

accomplished in one-, two-, or three-dimensions, depending on the dimensional

ity of the source and sensor, their orientation with the ground, the dimensionaUty 

of the target, and the dimensionality and orientation of ground inhomogeneities. 

For example, a one-dimensional analysis is sufficient to predict the response of a 

homogenous or layered half-space to a plane-wave excitation. A two-dimensional 

analysis is sufficient for a two-dimensional target excited by an infinite line-source 

having those same two dimensions. A three-dimensional analysis is required for a 

three-dimensional target excited by a three-dimensional source such as an electric 

or magnetic dipole. A further distinction can be made to include the class known 

as the two-and-a-half dimensional analysis, where techniques such as Fourier trans

forms have been developed by which two-dimensional structures excited by three-

dimensional sources can be analyzed. 

It would thus seem that the three-dimensional forward modeling analysis is 

sufficient to analyze the frequency-domain electromagnetic response of finite and 

compact targets. In the study of geophysical model analysis, however, a fourth 

dimension, namely that of time, is needed to account for the sometimes highly dis

persive nature of the media considered. These time-dependent ground and target 



properties have been exploited in the low-frequency, induced polarization methods 

of geophysical exploration. This time-dependence is not usually incorporated in 

existing frequency-domain electromagnetic modeling techniques, due to the compu

tational expense of determining the constitutive parameters of the ground at any op

erating frequency (or at any time, in a temporal forward model). Time-dependence 

of the electrical parameters turn out to have a substantial effect on the background 

survey response in the higher frequency range commonly used in geophysical elec

tromagnetic measurements [1]. The effect of time-dependent parameters on buried 

target response remains to be analyzed. 

High-frequency prospecting tools can be broadly categorized as ranging from 

ground-penetrating radar, which operate at low radar frequencies (from 50 MHz to 

a few GHz), to controlled-source audio magnetotelluric (CSAMT) systems which 

operate in the hundreds of Hertz range. In general, the tools operating at these 

frequencies all have resolution directly proportional to, and depth-of-investigation 

inversely proportional to operating frequency, so that the operating frequency cho

sen is of paramount importance for the optimum detection and classification of a 

certain class of targets. 

Tools operated at radar frequencies are best suited to detect targets buried 

centimeters to meters below the surface, and can detect and resolve very small and 

closely spaced targets, again, in the centimeter to meter range. At frequencies below 

t h o s e  o f  r a d a r ,  p e r h a p s  i n  t h e  1  k H z  t o  3 0  M H z  r a n g e ,  i n d u c t i o n  t o o l s  s u c h  h . s  t h e  
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many existing loop-loop and wire-loop systems, have greater depths of penetration, 

usually on the order of a few meters to a few tens of meters, and have detectability 

and resolution suitable to find targets with dimensions of a few meters to a few 

tens of meters. Lower frequencies, used in very large stationary loop and CSAMT 

systems can investigate to depths of many hundreds of meters but have associated 

detectability and resolution also measured in hundreds of meters. 

Another factor in the response of the geophysical prospecting systems operat

ing in this broad frequency range is that different earth constitutive parameters 

dominate the response at either end of the firequency range. This can be seen di

rectly from Maxwell's first two equations that predict the electromagnetic fields in 

a sourceless whole space. These are 

Explicitly, at low frequencies, the conductivity of the earth and target control 

the electromagnetic fields produced in the subsurface, whereas at high frequencies 

the jje and uiii terms of the equation have as great an effect as cr. and can even 

dominate the response in low-loss cases. 

V xH = (cr -t- iu;e)E (1) 

V xE = —i^wH. (2)  



Thus radar systems, which operate at the high end of the frequency range, are 

extremely sensitive to changes in ground and target permittivity and permeability 

as well as conductivity, whereas the lowest frequency tools react only to ground and 

target conductivity. 

Interpretation of the data obtained from these electromagnetic prospecting tools 

is not obvious. The electromagnetic fields, even in their inductive range, are complex 

vectors, and the source, target, and sensors, all have three-dimensional electromag

netic characteristics which control the magnitude and direction of these vectors. 

Moreover, the penetration of the produced magnetic fields into the ground, the pro

duction of induced currents and their associated secondary fields on buried targets, 

and the reception of these secondary fields by the sensing antenna all have phase 

changes associated with them. 

Yet, in order to interpret electromagnetic data recorded from induction tools, 

the 'forwEird solution', that is the expected response of the tool when the geometry 

and the constitutive parameters of the problem are known, is required. Also, and 

perhaps just as important, in order to design an electromagnetic surveying tool, 

and in order to optimize its detection capabilities for a certain type of target, the 

performance of a certain tool configuration must be predictable. Since the typical 

geophysical high-frequency electromagnetic problem is very often impossible (or at 

least very difficult) to solve explicitly using analytical forms, the predictive role of 

electromagnetic problems lie with either master curves (dimensionless curves used 



to interpret field data) or numerical solutions. With the advent of inexpensive rapid 

computers, and with sophisticated and versatile numerical algorithms, the role of 

numerical solutions have surpassed that of the master curves. 

The increasing use of numerical algorithms to obtain forward solutions also 

allows the analysis of geophysical phenomena that have previously been detected, 

but have not been predictable because of their complexity. Current channeling 

appeared in geophysical literature as early as the early 1970's, as reported by Gaur et 

al [2]. Scale model experiments [2] and electric circuit approaches [3] used to explain 

the phenomenon have been published, but these results are limited by the physical 

restraint of the physical model experiments and by the degree of approximation 

possible in the case of the analytic and circuit theory approaches. The advent of 

numerical algorithms which take into account the phenomenon of current channeling 

can be used to verify past results, and extend the analysis beyond the limits imposed 

by scale modeling and analytic formula approximation. 

History-

Modern numerical modeling techniques can be broadly divided into two basic types, 

namely, the implementation of the integral equation solution, and that of the dif

ferential equation solution. From these distinctions, the integral equation approach 

to the solution can be further classified into the volume integral equation method. 



and the surface integral equation solutions. The differential equation solution im

plementations can be logically categorized into frequency versus time-domain im

plementations. Further, these differential equation solutions can be categorized into 

finite difference and finite element implementation of the numerical solution. 

The published literature regarding the forward modeling of the electromagnetic 

response of geophysical targets is large. First, research having academic and math

ematical motivation was reported, and eventually, with the advent of increased 

computational capacity of commonly found computers, electromagnetic response 

solutions of specific model geometries were reported. 

Some of the classic articles for the integral equation method of solution in the 

geophysical context include Hohmann [4] who contributed in the discipline of geo

physics by developing the volume integral equation method for use in low frequency 

(quasi-static) forward modeling of large, weakly contrasting targets related to the 

mining industry. Adjustments to the integral equation solution implemented by 

Hohmann were made by SanFilipo et al. [5] that allowed for the correct modeling 

of the response of targets having a large conductivity contrast. Also notable, and 

much referenced, is work reported by Weidelt [6j on the volume integral method 

solutions of the electromagnetic response of geophysical targets. 

Later authors extended these works by publishing results for the volume integral 

solution of targets in more complicated media. Wannamaker [7] reported the de



velopment of the integral equation solution of the response of a target in a layered 

earth, and Xiang et al. [8] developed the solution of a 3 dimensional target in a 

layered and anisotropic earth. 

This form of the integral equation solution, and its extensions, invariably depend 

on the quasi-static approximation which at times is necessary to allow it to be 

simplified enough to be implemented. Moreover, due to the use of the quasi-static 

approximation, the displacement currents are often-time neglected in the solution 

development. The neglect of the displacement currents follow readily from the 

quasi-static approximation which forces the operating frequency of the problem 

to be kept low (this is apparent from equation (1)). These approximations may 

render the solution invalid in certain frequency-ranges of interest. Certain areas of 

application, which deal with shallow targets, usually allow higher electromagnetic 

frequencies of investigations because of the allowable attenuation levels and the need 

for greater resolution. 

Notable publications on the surface integral solution method have been authored 

by Poggio and Miller [9], Colton [10], and Miiller [11], in the context of radio fre

quency and radar frequency electromagnetics. The surface integral solution methods 

were developed for good to perfectly conducting targets, where the electrical skin-

depth of the target allows the target to be ejisily replaced by the equivalent currents 

produced on its surface. Thus, because of the type of target the solution models, 

the surface integral solution method has been developed predominantly outside the 
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geophysical research community. An exception is the work of Doherty [12j who 

presented the theory of using surface integral equations to develop the 3-D solution 

of the response of geophysical targets. In the conclusions of his published work, 

he acknowledged the limitations of his methods at low frequencies, presumably due 

to skin-depth considerations in which the current induced on the target cannot be 

approximated to flow completely on its surface. 

The published surface integral solutions generally do not make the quasi-static 

approximation due to the frequency-range of their application. This makes previ

ously published surface integral solution methods attractive to model the response of 

shallow, conducting targets, but, as stated earlier, numerical solution of the buried 

conducting target using the surface integral solution are scarce in the geophysical 

literature. 

Implementations of the differential equation solution to the electromagnetic geo

physical problem have been widely published. Notable publications of the finite-

difference solution in the frequency domain are the works of Lines and Jones [13], 

who first published on the differential equation solution of the effect of a target on 

the geo-electromagnetic (telluric) field. Later specializations were reported in the 

frequency-domain finite-difference method by Hermance [14] who performed local 

integration of the current about the mesh nodes to improve the accuracy of the 

solution as applied to the behavior of conducting targets in the presence of telluric 

fields. 



With the finite-difference frequency-domain solution method published, refine

ments and specializations were developed to optimize this solution for computational 

speed, for speciaHzed geometries, and/or for accuracy. Hermance [14] reported a 

derivation of the differential equation operator from the integral equation solution 

which leads to a higher-order difference calculation that is designed to improve the 

accuracy of the calculated solution. 

More recently, the finite-difference solution of the response of a geophysical tar

get developed in the time-domedn has become popular. Goldman and Stoyer [15] 

reported transient finite difference results for axial symmetric geometries, excited 

by a vertical magnetic dipole excitation, that was calculated directly in the time-

domain. Wang and Tripp [16] also report the result of a finite-difference time-

domain solution in three dimensions. Their approach to the numerical solution is 

considered modern-it optimizes the differentiating formula used to allow accurate 

results with coarser gridding, and employs absorbing boundary conditions which 

allow truncation of the workspace without reflections from the work-space edge. 

Wang and Tripp [16], however, did not implement model excitation by arbitrary 

sources and sensors, restricting their study to an electromagnetic plane wave. 

A host of finite element solutions to electromagnetic problems have been pub

lished. mostly for 2 dimensional geometries. Goldman et al. [17] published a finite 

element solution for an arbitrary resistivity distribution in the time-domain in 1986. 

Chen et al. [18] published a finite-element solution for 2-dimensional electromag



netic apparent resistivity. Gupta et al. [19] and Raiche et al. [20] published a 3-

dimensional solution to the electromagnetic problem in the time-domain using the 

finite element method. Because of the run-time and memory requirement needed 

to obtain the finite element solution, some eflForts were published to moderate the 

computing requirements [21]. 

The finite-element method, although yielding faster solutions than the finite-

difference method, is restricted by the complexity of its required mesh construction. 

To date, automated finite-element mesh-generator for electromagnetic problems is 

not well developed in the public domain. This implies the need to manually design 

the finite-element mesh for the particular model geometry. This can be imagined 

tedious in two-dimensions, and impractical in three-dimensions. This difficulty 

stemming from the requirement to input a complex mesh has seemingly not been 

overcome judging from the literature. 

Scale-model experiments have been performed with the evolution of the neces

sary laboratory instrumentation. Scale-model experiments have limited use when 

analyzing the high-frequency geophysical tools because of instrumentation consid

erations as well as the inability to find materials that have the scaled constitutive 

values. A list of electromagnetic scaling relationships, where n is the scaling factor, 

is given in Table 1 [22]. 

Specifically, the rigorous scaling of high-frequency prospecting geometries down 



in size requires an inversely proportional scaling of frequency. The radiation em

anating from alternating current sources at the scaled frequencies are difficult to 

control, and thus raise the electromagnetic noise in the receiving instrumentation. 

Also, the scaling of such an experiment must, in most cases, be prohibitively precise, 

since the electromagnetic fields exciting the scale model experience rapid changes 

in magnitude and phase with distance. Moreover, while the model experiment has 

scaled length and frequency, the conductivity of the media used to model the earth 

and the target need to be scaled up. Geophysical surveys where the effect of con

stitutive permittivity and permeability may be negligible may experience effects of 

these parameters at the scale frequencies. Finding a material of the right conduc

tivity, permittivity, and permeability to use for model media is difficult, and often 

impossible. 

Thus, at the very least, numerical model calculations complement scale-model 

experiments well, allowing the researcher to predict and verify scale-model re

sponses. Scale modeUng experiments also compliment numerical calculations by 

testing the hidden physical and mathematical assumptions found in the algorithm. 

The result of the difficulty of scale-model experiments and also the lack of gener

ality of the previously developed algorithms (i.e. the use of the quasi-static approx

imation) is a shortcoming in the effective high-frequency forward modeling methods 

in the geophysical community. This shortcoming does not allow the prediction of 

the response of compact, shallow, three-dimensional targets to three-dimensional 
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Table 1: Electromagnetic constitutive paxameter scaling factors. 

Quality Full-scale system Model system 

Length Lf Ljji — Lfjn 

Frequency ff fm = nff 

Dielectric constant e/ ~ ̂ f 

Conductivity (Trfi — nCT f 

Permeability = IJ-f 

sources and sensors, especially in the higher (MHz) frequency range. 

Scope 

Of interest in this dissertation is the introduction of previously written, public 

domain, numerical algorithms to the geophysical community to model the electro

magnetic response of shallow, three-dimensional targets. For the most part, these 

targets have more complicated responses than those of canonical targets whose solu

tions can be described with analytic equations. These types of targets require a full 

three-dimensional analysis of the target response to three-dimensional sources such 

as magnetic and electric dipoles. To keep the model solution general, the dipoles 

should be able to be placed in arbitrary' orientations relative to the ground-surface 

and the target. Because the frequency-domain form of the algorithm solution con
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sidered (time-doniEiiii algorithm solution will be transformed into the frequency 

domain), the fourth dimension required in geophysics, that of parameter dispersion 

over time( seen as a frequency dependence of the ground constitutive parameters 

in the frequency domain and as a time dependence of these parameters in the 

time-domain) -will not be explicitly considered except when choosing the correct 

constitutive parameters for any given operation frequency of interest. 

This chapter has given a brief motivation for the study of forward modeling, and 

has ended with a brief history of the classes of numerical algorithms that have been 

developed to date. The next four chapters are technical, the first two published or 

in the process of being published in geophysical journals. As such, they are all fairly 

independent of each other, and are self-encompassing. 

Chapter Two employs a finite-difference time-domain (FDTD) electromagnetic 

algorithm whose results have not previously been published in the geophysical con

text, and is validated with previously pubUshed survey responses of 1 dimensional 

geometries. Analysis is performed on the sensitivity of various model input param

eters on the solution. The method is then used to calculate 2- and 3- dimensional 

survey responses not easily obtainable with previously published numerical meth

ods. 

Chapter Three employs a previously developed method of moment (MoM) elec

tromagnetic algorithm to model the response of good to perfectly-conducting buried 



targets. The results of this adapted algorithm are compared against analytic formu

lations of the electromagnetic response of spheres, and field data of buried drums 

as well as drums immersed in water obtained at a local test site. 

Chapter Four uses a previously developed integral equation (IE) solution algo

rithm, which has already been vahdated in the geophysical context, to perform a 

parametric analysis of the effect of current channeling on the response of a target 

buried in a conductive earth. 

Chapter Five uses the three presented solution methods, namely the FDTD, 

MoM, and IE algorithms, to solve for the resulting fields of a specific target. The 

calculated solutions of each algorithm are then compared. This comparison yields 

insight into solution accuracy, into parameter limits of the algorithms, and into the 

numerical noise introduced in the solutions calculated by each algorithm. 

Chapter Six presents a brief summary of the results obtained in the earlier chap

ters, then discusses the insight gained by using these algorithms in the geophysical 

context. The viable frequency and constitutive parameter ranges of each of these 

algorithms are of particular interest in the discussion. 
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Chapter Two: 

3D modeling of the electromagnetic response of 

geophysical targets using the FDTD method^ 

Abstract 

A publicly available and maintained electromagnetic Finite-Difference Time Domain 

(FDTD) code has been applied to the forward modeling of the response of 1-D. 

2-D, and 3-D geophysical targets to a vertical magnetic dipole excitation. The 

FDTD method is used to analyze target responses in the 1 MHz to 100 MHz range, 

where both conduction or displacement currents may have the controlling role. The 

response of the geophysical target to the excitation is presented as changes in the 

magnetic field ellipticity. 

The results of the FDTD code compare favorably with previously published inte

gral equation solutions of the response of 1-D targets, and FDTD models calculated 

with different finite-difference cell sizes are compared to find the effect of model dis

cretization on the solution. The discretization errors, calculated as absolute error in 

ellipticity, are presented for the different ground geometry models considered, and 

are, for the most part, below 10 percent of the integral equation solutions. 

^Thi.s Chapter Ls a transcription of an article published in EAGE'.s Geophysical Pro.spectiiig. 

1996. V'44. pp 457-468 



Finally, the FDTD code is used to calculate the magnetic ellipticity response of a 

2-D survey, and a 3-D sounding of complicated geophysical targets. The response of 

these 2-D and 3-D targets are too complicated to be verified with integral equation 

solutions, but show the proper low- and. high- frequency responses. 

Introduction 

At present, there is a substantial interest in the use of high-frequency inductive 

electromagnetic surveys to locate relatively shallow geophysical targets which in

clude targets related to environmental damage assessment and remediation. With 

operating frequencies lower than most ground penetrating radar (GPR) frequencies, 

induction surveys promise a larger depth of penetration, and can react to conduc

tivity contrasts, as well as to contrasts in permittivity. Intuitive prediction of target 

response may not be easy in this frequency range as the generation of displacement, 

as well as conduction currents may dominate the target's response. 

To explore the limits of investigation using the 1 MHz to 100 MHz frequency 

range, as well as to gain insight on survey configuration, the need to forward model 

the response of prospective targets exists. In the past, analytic solutions have been 

developed for the response of dipole, as well as finite-sized loop, excitation over 

a homogenous and layered earth (VVait, 1969 [23]; and Rhu, 1970 [24]). Finite-

difference methods have been presented for 2-dimensional analysis by Oristaglio 



and Hohmann [25], for example, who used a variable size grid to calculate 2-D 

responses. The finite-difference algorithms that were coded to obtain these results 

have always been privately implemented, have not been very adaptable to new 

model geometries, and are generally not maintained. The novelty of the 1-, 2-

, and 3-D results presented in this paper lies in their generation and validation 

using a maintained public-domain code, which has its own pre-processors that allow 

the automatic generation and visualization of the finite-difference mesh needed to 

develop the FDTD model. 

The FDTD method is perhaps the most direct numerical method to solve for 

the fields in a region, as it approximates Maxwell's equations in partial differential 

equation (PDE) form with a finite-difference implementation. The price associated 

with this method, however, is relatively large, requiring substantial computational 

resources. The model workspace is sectioned into a mesh that divides the work

space into cells. Finite-difference computation of electromagnetic fields allows the 

user to specify the constitutive parameters of each cell. Each cell can thus have 

different electromagnetic properties, allowing the response of complicated models 

to be calculated. 

Historically, finite-difference solutions to PDEs were first reported by Thom in 

1920 [26]. Forward, backwards, and central finite-difference schemes are known. 

More recently K. S. Yee [27] introduced a numerical implementation of the finite-

difference solution to the electromagnetic PDE. His convention of the cell location 



at which the individual field components in 3-D space Eire calculated is still in use 

today. To compute the electromagnetic PDE, which provides the spatial solution of 

the generated fields, the Crank-Nicholson (1947, after Smith, 1985 [28]), the Dufort-

Frankel (Potter [29]), and the Leapfrog (Richtmyer et ai, [30]) methods have all 

been previously implemented. 

The use of the finite-difference method for the computation of 3-D geo-electro-

magnetic fields has been limited in usefulness by its computational requirements. 

That is, the need for small difference intervals needed to obtain the required solu

tion accuracy, and the large mesh required to simulate an infinite half-space. Mur 

[31] suggested boundary conditions for the finite-difference method that allowed a 

normally incident plane-wave impinging the mesh boundary to be absorbed. This 

allowed the size of the mesh to be reduced without increasing the deleterious effect 

of waves reflected from the mesh boundary. With this method of reducing the effect 

of a finite-sized mesh on a semi-infinite model, and with the increase in comput

ing power recently available in desk-top work stations, the use of finite-difference 

methods to calculate 2- and 3-D electromagnetic responses of geophysical targets 

has begun to be practical. 

A finite-difference algorithm sponsored by the US government and the State of 

California to model electromagnetic fields associated with the electromagnetic pulse 

(EMP) effect, and for radar cross-section studies, is the Temporal Scattering and 

Response (TSAR) program developed by Robert McLeod. Steve Pennock. and Scott 



Ray [32] at the Lawrence Livermore National Laboratory, in Livermore, California. 

This FDTD program incorporates the Mur boundary conditions (among others) and 

uses the 'Leapfrog' implementation to calculate the total fields at each successive 

cell in the model work-space. 

Associated with TSAR are a series of pre-processing algorithms that allow the 

automatic generation of the finite-difference mesh from a given solid geometry 

model. Visualization and editing programs that allow viewing and minor correc

tions of the generated mesh are also included in the FDTD package. TSAR allows 

the placement of magnetic and/or electric dipoles as radiators and sensors at arbi

trary locations and direction within the model mesh and, as stated earUer, allows a 

variety of boundary conditions to be specified at the mesh boundaries. 

The step-size of the TSAR FDTD program, which is dependent on the time 

increment used to solve the electromagnetic PDE via the velocity of the electro

magnetic excitation through the fastest medium, is internally determined to insure 

the stability of the FDTD process. Thus the user constraints needed to obtain 

proper solutions have been reduced to one: That enough (at least 10) cells per 

effective wavelength are required by the model so that sufficient accuracy can be 

obtained when solving the electromagnetic problem. With this suite of programs, a 

flexible, relatively easy to implement, and well maintained FDTD electromagnetic 

modeling package has become available. 
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Using TSAR, the time-domain response of a 3-D vertical magnetic dipole over 

a flat earth is calculated at defined points in the model mesh. These time-history 

solutions are transformed into their frequency counterparts using a Fast-Fourier 

Transform, and the ellipticity is calculated from the resulting total magnetic-field 

components. The exponential form of the ellipticity formula is used to calculate 

field ellipticity [33], The tilt and azimuth angles, even though not used in this 

article, are defined below and illustrated in Figure 1. 

Let Hx, Hy, and Hz be the complex received Cartesian components of the total 

magnetic field, and define ^ = arg{yjH^ -t- -h H"^). The field components are 

rotated into the principal plane (assuming that this occurs when (^ = 0), 

= Hx- e-*^, Hlj = Hy • e-^, H'̂  = H,-

This rotation is contrasted to that used by Smith and Ward [34] who rotate the 

fields into the vertical/radial plane. 

The 3-dimensional ellipticity is defined as 

where 3? and S imply taking the real and imaginan.' parts, respectively, of the 

quantities indicated. The sign of the ellipticity, dependent on whether the resulting 

vector quantity is rotating clockwise or counter-clockwise, is determined by the 
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Figure 1; Figure of the magnetic field ellipse describing the tilt angle and the 

azimuth angle. 
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condition, 

If a r g { H p )  >  a r g{Hz), then e > 0, (4) 

where Hp = yj 

For completeness, the tilt angle, defined as the angle the principal ellipticity axis 

makes with the radial axis, is derivable as: 

a = f - e,, 

where 

9, = arccos( , " —) (5) 

Furthermore, the azimuth angle the ellipse makes with, for example, the y-axis. 

is derivable as: 

(by = arccos(-7 •' ). (6) 

The excitation of the FDTD model is a time-domain pulse. To get the spectral 

content necessary to analyze the model in the frequency range of 1 to 100 MHz. an 

impulse wave form is used. The use of a narrow excitation pulse, such as an impulse, 

whose transform has a broad frequency content, has shortcomings when the model 
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consists of multiple materials that have a large electromagnetic propagation-velocity 

contrast. The length of the time-step used to compute the difference equation is 

determined by the TSAR FDTD program, and depends on the fastest velocity of 

propagation found in the model. Thus a sharp pulse, of a single time increment 

duration, will not travel through a cell in one time-step when propagating in a 

medium having a slower characteristic velocity than the other media in the model. 

The impulse will then be averaged within the cell for that time-step, thereby causing 

unpredictable results and introducing an unacceptable amount of error in the finite-

difference solution. 

Alternatively, a wave-form synthesized from the desired spectral content can 

be used. To be able to analyze a model over a large bandwidth, a synthesized 

input wave-form was developed by transforming the required spectral content of 

the excitation pulse into the time-domain via a cosine Fourier transform. With this 

technique, the number of points in the resulting time-domain wave-form (which is 

used to excite the FDTD model) is adjustable via the sampling interval chosen to 

transform the desired frequency-spectrum. The errors introduced by exciting the 

model-space with a pulse of very short duration are in this way resolved. 
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Validation 

Stewart et al. [35] presented results of magnetic ellipticity calculations using a hor

izontal loop over a homogenous earth having different electromagnetic parameters. 

Their solutions were published for the 1 MHz to 100 MHz range, and were cal

culated by the numerical implementation of the general integral equation solution 

as reported by Rhu et al. [24]. Anderson [36], using the same implementation as 

Stewart et al.'s, obtained magnetic ellipticity responses of a 2 and 3 horizontally 

layered earth. The frequency range of Anderson's results includes the 1 MHz to 100 

MHz range of interest here, and thus allows validation of the FDTD calculations. 

A mesh measuring 12 m by 16 m by 16 m, was constructed to validate the 

FDTD solution with Stewart et aUs results. The cells in the workspace were cubic, 

measuring 0.10 m per side, and the half-space interface was modeled in the x-y 

plane at z = 10 m. The source vertical magnetic dipole (VMD) was placed at x = 6 

m, y = 6 m, and at z = 10.26 m, while the received magnetic field components were 

calculated at x = 6 m, y = 10 m, and z = 10.26 m (thus modeling the transmit 

and receive antennas 4 m apau^t, and 0.26 m above the interface). Constitutive 

parameters for the half-space model follow a case presented by Stewart et al-a 

resistivity of 50 fi-m and relative dielectric constant of 10. The FDTD program 

was allowed to run for 2048 time steps. The time-history file output from the 

FDTD program was transformed to the frequency-domain, and the ellipticity was 



calculated from the transformed fields. The FDTD results are superimposed on 

a digitized version of Stewart et al's curve in Figure 2 and show good agreement 

with his integral equation results. The lowest frequency for which the response 

was calculated is controlled by the cell size chosen (0.10 m), and the propagation 

velocity in the fastest medium, by which the time interval, At is chosen. 

Next, a model was constructed with dimensions 12 m by 16 m by 16 m to 

validate FDTD results against Anderson's [36] results. The cubic cells in the work

space again measured 0.10 m per side. The half-space boundary was again modeled 

in the x-y plane at z = 10 m. The interface between layer 1 and layer 2 was modeled 

in the x-y plane at z = 8 m, and the boundary between layer 2 and layer 3 was 

located at z = 5 m. The source VMD was modeled at x = 6 m, y = 6 m, and z = 11 

m, and the magnetic field components were calculated at x = 6 m, y = 10 m and z 

= 11 m (modeling the transmit and receive antennas 4 m apart, and 1 m above the 

interface). The top and bottom layers were modeled with a resistivity of 10 fi-m, 

and with a relative dielectric constant of 10, while the middle layer was modeled 

with a resistivity of 1000 f2-m and a relative dielectric constant of 4. The ellipticity 

curves calculated from the FDTD output are superimposed on Anderson's digitized 

curves and shown in Figure 3, and also show good agreement. 

Figures 2 and 3 represent a sample of the FDTD validation performed with 

TSAR. All the responses of the geometries presented in the Stewart et al. [35] and 

•Anderson [36] articles that were evaluated using the integral equation implementa-
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Figure 2: Ellipticity response of the FDTD calculations versus Stewart et al's solu

tions for loops placed over a homogenous earth. 



51 

4m 0.8 

0.5 
II p=1()00 e^l 

nmn—in e-mlv 

3^ 

0.3 

Q. 0.0 

LJJ 
-0.3 

-o FDTD 
-• Anderson -0.5 

-0.8 

Frequency (Hz) 

Figure 3: Ellipticity response of the FDTD calculations versus Anderson's solutions 

for loops placed over a 3 layer earth. 



tion were satisfactorily duplicated using TSAR. A notable exception to this is the 

results of a 2 layer model presented by Anderson in which he varies the transmit

ter/receiver spacing to produce a family of curves. The FDTD method does not 

reproduce the 1 m separation curve well because of the dipole sources used in the 

FDTD method versus the finite-sized transmit and receive loop antennas used by-

Anderson. 

Comparison of FDTD to integral equation results as a func

tion of cell size 

With these sets of FDTD and integral equation solution curves, it is possible to 

calculate FDTD solution deviation from the integral equation solutions as a function 

of frequency and cell size. The Stewart et al. [35] results and the FDTD results 

were interpolated using a cubic spline function, and their difference taken to show 

the absolute discretization error of the FDTD method. The use of absolute error 

to compare the solutions obtained from the different cell sizes is justified by noting 

that the most diagnostic part of the ellipticity curve is where its magnitude is not 

close to zero. 

Figure 4 shows the difference between the Stewart et al. [35] and the FDTD 

results as a function of frequency with FDTD cell sizes of 0.5 m, 0.25 m, and 0.1 m. 

It is seen that the discretization error decreases over most of the frequency range 



as the cell size is reduced. The error associated with the 0.1 ra cell size solution 

remain small at higher frequencies as is expected due to the 10 cell per effective 

wavelength criterion needed for proper results. 

Figure 5 shows the error between the Anderson 3-layer curve and the FDTD 

results as a function of frequency. Again, curves are shown for the difference of 

the FDTD calculated results using a cell-sizes of 0.5 m, 0.25 m, and 0.1 m. It is 

interesting to note that no significant reduction in error is accomplished, over most 

of the frequency range considered, by reducing the cell size from 0.5 m to 0.1 m in 

this model. Thus a cell size larger than 0.1 m can be used to successfully calculate 

the response of this model. This translates into less running-time required to obtain 

the desired solution. 

2- and 3-D electromagnetic responses calculated with the 

FDTD method 

With the successful validation of the FDTD technique with 1-D targets, the elec

tromagnetic responses of a 2-D model and a 3-D model of moderate complexity can 

be calculated. 

A conductive 2-D dike, covered with a resistive overburden, was modeled. The 

dike, 1 m thick and approximated as having infinite lateral and depth extent, had 

a resistivity of 10 Q-m, and had a relative dielectric constant of 20. It intruded a 
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Figure 5: Absolute error of calculated FDTD results versus Anderson's results 

showing the FDTD discretization error. 



basement rock that had a resistivity of 200 fi-m and a relative dielectric constant of 

2. The dike and its surrounding medium were covered with a resistive overburden 1 

meter thick made up of material having a resistivity of 50 f2-m and relative dielectric 

constant of 4. The FDTD technique was used to model a survey (performed with 

a constant transmitter/receiver offset of 4 meters) perpendicular to the strike of 

the dike. The transmitter and receiver elevation was 0.25 m above the ground 

surface. The time-domain solutions were transformed, and the ellipticity figures of 

5 representative survey frequencies are plotted in Figure 6. As expected, the low-

frequency surveys show the presence of the anomaly, whereas the higher-frequency 

surveys do not show the dike that is buried below their skin-depth. 

Finally, a 3-D buried cube in a homogenous half-space, covered by a conductive 

overburden, was modeled. The transmit/receive antenna separation was 4 m, and 

the loop antennas were modeled 0.25 m above the surface. The cube measured 2 

m a side, was buried 1 m deep, and was located half-way between the transmitter 

and receiver. The conductive cube was buried in a homogenous half-space having a 

resistivity of 200 Q-m and a relative dielectric constant of 2. The cube's resistivity 

and relative dielectric constants were raised from that of its surrounding material 

in 4 increments. First, the electromagnetic parameters were kept the same as the 

basement rock (that is, with p = 200 H-m, and with Cr = 2). Secondly, the cube was 

made to have p= 100 Q-m, and = 4; Third, p = 20 f2-m. and er = 8: And finally p= 

10 Q-m. and fr = 12. The conductive cube and its surrounding medium were covered 
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Figure 6: FDTD calculation of a survey over a 2-D covered dike. 



with a resistive overburden 1 meter thick made up of material having a resistivity 

of 50 Q-m and relative dielectric constant of 4. As expected, the response of the 

anomalous cube, shown in Figure 7, is shght at the lower frequencies, where the size 

of the cube is electrically small. The anomaly due to the cube increases at higher 

frequencies, where the electric size of the cube becomes substantial, and decreases 

at the highest frequencies considered when skin-depth considerations restricts the 

depth of investigation of the sounding to the conductive overburden. 

Conclusions 

It has been demonstrated that the Lawrence Livermore National Laboratory FDTD 

electromagnetic code (TSAR) can be used to successfully model the electromag

netic response of electromagnetically complicated 1-, 2- and 3-D geophysical targets. 

Moreover, a comparison of FDTD calculated results to integral equation solutions 

show the effect of discretization error on the solution. A comparison of errors of 

FDTD solutions obtained using different cell-sizes yields insight into the required 

run-time of the model versus the required accuracy of the solution. Absolute dis

cretization error was found to be less than 10 percent for most of the frequency-range 

considered. This error was found not to be substantially reduced with smaller cell 

size as long as the 10 cells per-wavelength guideline is followed. Specifically, no 

substantial improvement in the FDTD result in the iMHz to 100 MHz frequency 

range as compared to the integral equation solution was found when the FDTD 
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mesh was constructed of 0.25 m cells versus 0.1 m cells. Using a cell size of 0.25 m 

instead of 0.1 m represents a 20-fold reduction in the time required to obtain the 

FDTD solution. 
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Platform compatibility and TSAR algorithm inquiries 

The TSAR FDTD engine has been made as portable as possible and has been 

demonstrated to run on many platforms, ranging from a Vax/VMS to a Cray 2 

running UNICOS. The pre- and post-processors, by virtue of their graphical inter

active nature, are less portable and have been successfully installed on Sun3 and 

Sun4 Sparcstations, Sihcon Graphics Iris, Decstations, and IBM 6000-530 platforms. 

Inquiries into the availability of the TSAR FDTD algorithms can be made to; 

Lawrence Livermore National Laboratories 
P.O. Box 808 

Livermore, California, 94550 
U.S.A 

Attn: A-Division L-I3 
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Chapter Three: 

Moment Method Used to Model 

Conductive Targets 

Abstract 

An existing Method of Moments computer algorithm is used to model the electro

magnetic response of shallow, highly conducting, 3-D targets to small loop excita

tion. This algorithm, called NEC41D was validated with analytic solutions, with 

another integral equation algorithm, and with field data. NEC41D was found to 

model the inductive response of a highly conductive and permeable sphere in free 

space well at 80 kHz when compared with analytical solutions. Good agreement 

of the response of dipping sheet models was found when compared with results of 

another integral equation solution algorithm at 1 MHz. Finally, moderately good 

agreement was found with a GEONICS EM-34-3 survey of a buried drum at 6.4 kHz, 

and good agreement with ellipticity data of a drum immersed in water at operating 

frequencies of 125 kHz, 1 MHz, 4 MHz, and 8 MHz. Problems encountered in the 

algorithm validation, namely the choice of effective radius of the wire segments used 

to model the target, the problems encountered when using a full electromagnetic 

solution, and accuracy issues of NEC41D solutions in the geophysical context at 

low (kHz) operating frequencies are discussed . 
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Introduction 

There has recently been interest in higher frequency inductive surveys. Thus, the 

development and validation of forwsird models of the electromagnetic response of 

small conductive targets in the 50 kHz to 50 MHz range has become timely. Geo

physical surveys that use these higher frequencies are being developed for shallow 

investigations. This is to isolate the target response by controlling the depth of 

investigation, to increase the target resolution, and to explore the effect of both 

conduction and displacement currents on the response of a target. 

The Method of Moments (MoM) algorithm was used to model the inductive 

response of conductive targets because of its ability to calculate the response of 

highly conducting targets. Also, it is well suited to model electromagnetic responses 

in the 50 kHz to 50 MHz range. Instead of constructing a new MoM algorithm, a 

previously written, extensively maintained, and widely used code was adapted and 

validated in the geophysical context. The MoM algorithm used was the Numerical 

Electromagnetic Code (NEC) [37|. The current version of NEC is NEC4.1. NEC is 

a public-domain FORTRAN algorithm which has a surprisingly easy user interface. 

The NEC MoM algorithm was first sponsored and developed for the US Navy 

for the analysis of shipboard and land-based HF (3-30 MHz) antenna performance. 

In NEC, antenna ground screens are allowed to be modeled within a homogenous 

earth half space. The ability to model conductive objects within the half space 



makes NEC adaptable to geophysical applications. 

In order to model geophysical targets, the NEC ability to model wire segments 

within the half space is used to simulate a compact, 3-D, conducting target model. 

The source and sensor antenna models, modeled above the half space, are analyzed 

as they are passed over the target. 

In the NEC algorithm, the controlling integral equations are solved numerically 

by means of the Method of Moments [38]. The model is composed of electrically 

small wire segments whose location, orientation, length, and radius are defined by 

the user. The model is excited using gap-voltage or current sources placed over 

specified wire segments. A spline current expansion and a delta-function weighting 

scheme are used to extend current to adjacent wire segments. Each segment is then 

represented as having a standard current distribution. An "interaction matrix" is 

formed which takes into account the currents produced on any particular segment 

due to the presence of all other segments. The resulting matrix equation, is inverted 

to obtain produced fields. This method provides a complete solution, which takes 

into account the higher order effects that are due to the presence of all other modeled 

conductors, importantly the source and sensor antennas, as well as the presence of 

a half space when calculating the current generated on the target. 

This approach to solving the integral equations is best suited for structures up 

to a few wavelengths in size. Because wire segments used to construct the model 



need to be about 1/10 of an effective wavelength in size to approximate a constant 

current segment successfully, the order of the interaction matrix increases with the 

size of the conducting structures modeled. Although there is no theoretical limit 

to the electric size of the target modeled (or stated differently, to the frequency of 

excitation), the increased number of wire segments used, and thus the increasing 

order of the matrix equation yields a practical limit as to the platform on which 

the algorithm is computed. Also, numerical round-off error imposes a structure size 

limit, as the effect of these errors increase with matrix order as the matrix is inverted. 

On present computational platforms such as personal computers and modestly-sized 

workstations, the MoM solution to the response of geophysical models containing 

between 400 and 900 wire segments can be calculated in well under 30 minutes. 

The NEC MoM algorithm includes a number of ancillary features which increases 

its versatility to calculate the solution of the geophysical forward model: 1) Excita

tion by multiple voltage sources, or by a plane wave; 2) Wire segments that can be 

modeled as having complex impedance, or that can be assigned bulk conductivity 

and magnetic permeability values; 3) Multiple wire segments that can be joined to 

allow the construction of complicated models; 4) And the inclusion of a resistive, 

and dispersive half space that allows the effective modeling of a homogenous earth 

at a particular frequency. 

The NEC electromagnetic models were constructed with small wire segments 

whose ends were connected to form larger structures. The model excitation in the 
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context of this analysis was provided by specifying a gap voltage over a particular 

wire segment. As will be demonstrated, solid conductors were successfully modeled 

by wire cages having the same external size as the solid conductor. This equivalence 

is valid if the conductivity of the target is large enough to cause the currents induced 

on the target to be localized on or near its surface. With the skin depth of the solid 

conductor small enough, the wire cage model is an adequate approximation of the 

solid target as the currents induced on both should be approjcimately equal. 

Small loop antennas, needed to produce the desired magnetic dipole field and 

to receive the resultant magnetic field, were also modeled with wire segments. A 

wire segment on each loop was loaded with a 50 resistor to model the usual 

impedance of laboratory instrumentation. This loading also stabilized the antennas 

input impedance throughout the MoM calculation. 

The electromagnetic field produced only by the target (defined as the secondary 

field) was obtained by the analysis of the current generated on the sensor antenna. 

Because data are often presented as the received secondary field normalized by the 

received field of the source/sensor loops in free space (defined as the primary field), 

the ratio of the received field can be represented by 

Tjsecondary jtotal ^ rlayered 

^^ . (7) ^primary jprtmary ^ ' 

where jg received current when the source/sensor loops are placed over 



a homogenous half-space in the absence of the target, /p"""'"-' is defined as the 

received current when the source/sensor loops are placed in a free whole-space. 

This equation was used to validate the MoM solution with other data. In order 

to give the received total current calculation the dynamic range it needs for equation 

(1), the output floating point format of the calculated currents of the NEC algorithm 

was changed to display 12 significant digits. 

Validation 1 

In this section, the MoM algorithm is compared to the numerical implementation 

of the quasi-static analytic solution of the conducting sphere in free space. The 

quasi-static solution of the scattered field of a magnetic dipole in the presence of a 

conducting and permeable sphere was introduced in the geophysical literature by 

Grant and West [39] and later implemented by Lodha and West [40] in the airborne 

EM survey context. 

In their presentation, the solutions were developed as the superposition of fields 

scattered by a sphere in the presence of radial and tangential dipole sources. These 

field solutions use a quasi-static approximation, and thus are restrained to the 

conditions that the operating frequency is kept low enough, and the dimensions of 

the problem are kept small enough to consider only inductive fields. The radiated 

(far field) fields are nor considered. Skin-depth effects mitigate the problem the 
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effective wavelength may have with the quasi-static restraint inside the conducting 

sphere. These equations, which are taken both from [39] and [40] are transcribed 

in the Appendix A. 

The MoM model of the conductive sphere in free space consists of a wire cage 

made up of 380 wire segments. The wire segments were arranged in longitudinal 

great circles with an angular separation of 18° from each other. Latitudinal segments 

were also separated by 18°. Following the findings of Ludwig [41] the radius of the 

wire was set so that the total surface area of the wire cage equaled the surface area 

of the sphere. Or from 

27rru,jre • ^wire — sphere) ' 

4r^ A _ sphere 
' Wire — J ' J 

^xirire 

where is the radius of the wire 

l-unre IS the total length of the wire segments used 

rsphere IS the radius of the sphere. 

To model the source and sensor magnetic dipole antennas, square loops mea

suring 0.15 m per side were constructed using 12 wire segments per antenna. The 

source loop was energized with 100 V, and the current generated over one of the 

segments of the sensor loop was recorded to calculate the normalized secondary field 

using (7). 



The survey curves presented were created by keeping the source/sensor pair, 

albeit in different geometric configurations, at a constant separation distance of 1 

m. The antennas, set in the survey line, were moved over the target in discrete 

increments. 

For the first comparison of the MoM and the analytic solutions, a sphere having 

a 0.4 m radius, whose center was 0.5 m away from the survey plane was chosen. 

The wire-cage model was allowed to be perfectly conducting (that is. the wire 

segments were not loaded with impedance), while the conductivity of the sphere 

was set to 1 • 10^ S/m in the analytic calculation. Because of the quasi-static 

approximation restraints on the analytic solution, the operating frequency of this 

comparison was set to 80 kHz. The survey was modeled with source and sensor 

antennas "in line'. The source and sensor loops were both placed orthogonal to the 

survey line and coaxial to each other, so that the resulting magnetic dipoles were 

parallel to the survey line and coaxial to each other. Figure 8 shows the in-phase 

component of the secondary field normalized by the primary field (defined as the 

response of the measurement system when placed in free-space) as calculated by 

both solutions. It is seen from Figure 8 that the MoM model compares well with 

the numerical implementation of the analytic solution. The quadrature component 

of the secondary field is very small due to the perfectly conducting nature and the 

size of the target considered, and is within the mathematical noise of the MoM total 

field solution. 
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Figure 8: In-phase response of a perfectly conducting sphere in free-space to coaxial 

loops. Radius of sphere is 0.4ni, and center of sphere to survey line is 0.5 m. 
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The next comparison of the MoM and numerical implementation of the analytic 

solution of the sphere in free space is of a sphere having a radius of 0.1 m, located 

0.2 m (from center) from the survey plane. The MoM sphere model was allowed to 

be perfectly conducting, while the sphere in the analytic calculation was assigned a 

conductivity of 1 • 10^ S/m. The source and sensor loops, although placed "in line' 

the survey line, were modeled coplanar to each other, making the resulting magnetic 

dipoles parallel, but orthogonal to the siurvey line. The in-phase component of the 

normalized secondary field as calculated by both methods is shown in Figure 9. The 

two curves in Figure 9 again show good agreement. 

A third comparison of the MoM and the numerical implementation of the analyt

ical solution of the sphere in free space is of a sphere again having a radius of 0.1 m 

and a distance of 0.2 m (from center) from the survey plane. The MoM sphere was 

again set to be perfectly conducting, while the analytic sphere was again assigned 

a conductivity of 1 • 10^ S/m. This time however, the survey loops were arranged 

in a so called 'null configuration', with the source magnetic dipole orthogonal to 

the survey line (and vertical if the sphere were buried), and the sensing magnetic 

dipole parallel to the survey line. The secondary field was normalized by the pri

mary field of coplanar loop antennas. Figure 10 shows the in-phase component of 

the normalized secondary field that was calculated by both methods. The MoM 

solution shows good agreement with the analytical solution. What is notable about 

this result is that rhe anomaly produced by the sphere is not symmetric about the 
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target as it was in the previous comparisons. 

As a final comparison of the MoM and the analytic solution of the free-space 

sphere, the ability to assign bulk conductivity and bulk magnetic permeability to 

the MoM wire segments that make up the wire-cage sphere model was used to 

model the response of a steel sphere. The conductivity of steel is slightly less than 

perfect, and is given as 5 • 10® S/m [42]. The relative magnetic permeability of steel 

is given as 180 [43]. The sphere modeled had a radius of 0.4 m and a distance of 0.5 

m (from center) from the survey line. The loops were set "in line', were coplanar, 

which made the resulting magnetic dipoles parallel to each other, and orthogonal 

to the survey line (a horizontal loop survey if the sphere was buried). The mag

netic permeability assigned to the MoM cage wire segments established a complex 

impedance condition at the surface of the sphere model, thereby resulting in a sig

nificant quadrature component to the scattered field. Figures 11 and 12 show the 

in-phase and quadrature components of the normalized secondary field. Again, the 

comparison between the MoM solution and the numerical implementation of the 

analytical solution is good. The effect of the wire-cage permeability is contained 

mostly in the quadrature component of the secondary field. A divergence of the 

cur\'es at the peak responses are due to different station spacing of the MoM model 

versus those of the analytical solution. It is interesting to note the slight asymmetry 

in the MoM solution, where the correct solution should be symmetric. This asym

metry reflects the error introduced in the MoM solution by slight difference in the 
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modeled source and sensor loops-the source antenna having a gap voltage applied 

to it, effectively replacing one of the source loop segments, as well as the numerical 

noise introduced in the computational consideration of the 404 segments that make 

up the conducting sphere and loop antennas model. 

Validation 2 

In this section the NEC MoM algorithm is compared to the University of California 

at Berkeley EMIDSH [44] algorithm for the response of a finite conducting sheet 

buried in an infinite half space. The University of California at Berkeley Depart

ment of Engineering Geosciences has recently made available an algorithm that can 

calculate the response of a finite, conducting sheet, buried in a homogenous half 

space to a magnetic dipole excitation. This algorithm, released as EMIDSH, is 

a continuation on the dissertation research work done by Zhou [45]. Zhou's algo

rithm, called SHEET, is an implementation of the integral equation solution of the 

response of 3-D sheets buried in a layered half space originated by Weidelt [46] in 

1981. 

With EMIDSH, surveys using geometries similar to those described in the pre

vious section were modeled over a thin sheet buried in a homogenous half space and 

compared to MoM solutions. By comparing the solutions of the NEC algorithm to 

those of EMIDSH. validation was performed on a model that includes the effect of 
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a homogenous half space, and thus offers a validation of the NEC implementation of 

the Sommerfeld integral solution of the dipole field in the presence of a conductive 

half space. 

A conducting sheet was modeled for the MoM algorithm by an 11 wire by 11 wire 

grid, measuring 1 m per side. This time, however, the radii of the wire segments 

that make up the wire grid were set to make the surface area of the wire grid sheet 

model half of that of the total solid sheet-that is, half of that suggested by Ludwig 

[41]. The 1 m^ sheet was buried horizontally 2 m deep in a half space having a 50 

Q-m resistivity. Because NEC is known to be a high frequency algorithm, optimized 

for the 3-30 MHz range, and because EMIDSH is known to be an algorithm using 

the quasi-static approximation, an overlapping frequency of 1 MHz was chosen for 

this survey model. The EMIDSH sheet target was made to have a conductance of 

1 • 10® S, while the wire segments of the MoM model were allowed to be perfectly 

conducting. This EMIDSH sheet conductance was chosen to model a perfectly 

conducting sheet without much concern for actual effective conductance of the sheet 

relative to the wire-grid model. Trials with the EMIDSH algorithm showed that 

the response of the buried sheet did not change when the conductance of the sheet 

was raised above 1. • 10®. Because EMIDSH does not consider the effect of ground 

permittivity, the relative dielectric constant of the MoM half space was set to 1. 

As with the previous survey geometry, the source/sensor antennas were modeled 

0.15 m per side, set "in line', and were oriented coplanar to each other and parallel to 
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the half plane (thus modeling vertical magnetic dipoles). The separation distance 

between source and sensor antennas was kept at 1 m, with the source antenna 

trailing the sensor antenna along the survey line. 

Figure 13 shows a comparison of the EMlDSH results with the MoM results. 

Because the in-phase and quadrature components of the anomaly are of different 

polarities and of approximately equal magnitude, they are plotted in the same figure. 

The solutions of the in-phase and quadrature components of the two algorithms 

compare well for the response of the horizontal sheet. 

To further compare the solutions of EMlDSH and NEC, the same sheet model 

was dipped 45° in the survey line (towards the sensor). The center of the sheet 

remained buried at a depth of 2 m. All parameters, other than the orientation of 

the sheet target, were the same as in the previous comparison. Figure 14 shows the 

in-phase component of the normalized secondary field calculated by both EMlDSH 

and NEC. The MoM solution slightly over-predicts the amplitude of the anomaly as 

compared to the EMlDSH solution, but the trend of the anomaly, specifically the 

inflection point to the right of the peak anomaly, is present in both results. Figure 

15 shows the quadrature component of the normalized secondary field calculated by 

both methods. Some deviations exists between the two algorithm solutions, both 

in amplitude and in anomaly location on the survey line. Still the trend of the 

anomaly is very similar in both solutions. 
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Figure 13: Response of a buried 3-D, horizontal sheet to coplanar loops. Sheet 

measures 1 m per side and is buried 2 m in a 50 fi-m half-space. 
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Finally, the same sheet was modeled vertical, with its center again buried 2 m 

below the surface of the 50 fi-m hcilf space. Figure 16 shows a comparison of the 

MoM and EMlDSH algorithm for the vertical sheet model. Once again, all other 

parameters were kept the same as in the earlier models compared, other than the 

orientation of the sheet target. Figure 17 shows the comparison of the quadrature 

components of the response of the buried vertical sheet. The agreement of the 

algorithm solutions of the in-phase secondary field for this model is good, but the 

quadrature component of the secondary field of the solution shows a substantial 

deviation for this model. It is thought that this deviation is partially due to an 

error in the effective surface area of the target (determined by the radii of the wire 

segment used in the NEC grid model), since this is an obvious difference between the 

sheet modeled with a wire screen and the actual solid perfectly-conducting sheet, 

and partially to an extrapolation error of the Green's function implementation of 

the Sommerfeld/Norton integral [48]. 

Validation 3 

In this section the solutions of the MoM algorithm are compared to field data taken 

over a buried drum. Field data of the response of a 55 gallon steel drum were 

obtained using a GEONICS EM34-3. The drum is buried on it's side, at a depth 

of 0.97 m (from center) at the University of Arizona's Avra Valley Test Site. The 

ground at the test site has a conductivity of approximately 50 Q-m near the surface 
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as determined by inversion of various electromagnetic induction data taken in the 

30 kHz to 30 MHz frequency range. 

The EM34-3 survey was taken with source and sensor antennas loops oriented 

horizontally and placed 'in line' the survey line. The antenna separation used for 

this survey was 10 m, which has an associated operating frequency of 6.4 kHz. The 

EM34-3 converts the received secondary field to primary field ratio to apparent 

conductivity [47] by 

= (10)  
Hp hqS 

where 5 implies taking the imaginary part of the ratio 

Hs = secondary received magnetic field 

Hp = primary (free space) received magnetic field 

•jj = angular velocity = 2-k- frequency 

fiQ = Air • 10"^ is the permeability of free space 

s = separation distance 

The response of the buried drum as obtained with the EM34-3 is shown in Figure 

18. The EM34-3 measures the background conductivity to be approximately 17 

mS/m, and the most anomalous conductivity (due to the drum) to be approximately 

23 mS/m. 

The buried drum was modeled for the MoM algorithm as a cylindrical cage 



measuring 0.88 m in length and having a radius of 0.29 m. The longitudinal wire 

segments making up the cage were separated by 18°. Nine tangential wire segments 

were placed 11 cm apaxt between the longitudinal members. The end caps of the 

cylinder were modeled with two wire segments intersecting each other at right an

gles. The wire segments were assigned a conductivity of 5 • 10^ S/m and a relative 

magnetic permeability of 180. The drum model thus consisted of 348 wire segments 

buried in a 20 mS/m (50 fi-m) ground. Because of the low operating frequency 

of the EM34-3, the relative dielectric constant of the half space did not affect the 

results, and was thus set to 1. All wire segments were assigned a radius that made 

the overall surface area of the cage model equal to the external surface area of the 

drum, thus half of the Ludwig [41] suggestion. This adjustment to the Ludwig 

suggestion was found empirically for buried conductive targets. The survey loops 

were modeled as square loops measuring 0.50 m per side, and were modeled 0.10 m 

from the interface. As with the previous survey models, the MoM loop separation 

was kept constant, and the loops were placed 'in hne' the survey Hne. 1 m station 

intervals were used to obtain the survey response. 

The response of the buried drum as modeled with the MoM algorithm is super

imposed on Figure 18. As is seen from the figure, the survey minima as predicted 

by NEC are much smaller than those of the field measurements. The reason for 

this can be understood by examining the formula used to calculate the apparent 

conductivity of the earth as measured by the EM34-3 (eq. 10). The equation has 
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the normalized field of a vertical dipole over a homogenous half-space as its origin, 

and thus is not strictly applicable when using the EM-34 to measure the response 

of 3 dimensional targets. Earlier validation (Fig. 13, for example) of NEC survey 

calculations over a buried 3-dimensional sheet clearly show negative quadrature re

sponses. Because of this, the apparent conductivity as calculated by NEC for the 

survey over the steel drum actually becomes negative when the source/sensor loops 

pass over the edge of the drum. The EM34-3 hardware apparently does not allow 

negative apparent conductivity readings. 

Thus the calculated survey points that make up the response minima, found at 

±5m, were adjusted (that is, set equal to) to those of the field data and the curves 

re-plotted in Figure 19. The location of the edges of the anomaly compare well with 

the field data. The modeled response shows more detail of the drum anomaly than 

the field response does, especially on the edges of the anomaly. These discrepancies 

are partially attributed to the operating frequency of the field data, and thus of 

the MoM model: The wire segments used to form the drum and antennas are so 

electrically small at 6.4 kHz, that the MoM interaction matrix suffers a substantial 

amount of numerical error upon inversion [48]. 
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Figure 18: Apparent conductivity of a 55 gallon drum buried in Avra Valley as 

measured with the GEONICS EM34-3 and modeled with NEC. 
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Validation 4 

Finally, the MoM algorithm results are compared to ellipticity field data of a sur

vey taken over a drum immersed in water. An ellipticity system, developed at the 

University of Arizona [49], transmits from a horizontal loop source at discrete fre

quencies between 32 kHz and 32 MHz. The three orthogonal components of the 

magnetic field are sensed using a tri-axial loop antenna. 

The ellipticity is calculated from the complex magnetic field [33]. Let Hx,Hy. 

and Hz be the complex received Cartesian components of the total magnetic field, 

and define 

The field components are rotated into the principal plane (assuming that this 

occurs when ^ = 0), 

This rotation is contrasted to that used by Smith and Ward [34] who rotate the 

field components into the vertical/radial plane. 

The 3-dimensional ellipticity is defined as 

(11) 

K  =  H ^ -  e - ' ^ .  H l  =  H y  H ' ,  =  H , - ( 1 2 )  
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e = , == (13) 

where 3? and ^ imply taking the real and imaginary parts, respectively, 

of the quantities indicated. 

The measurements were made over a specially designed pool at the University of 

Arizona. The pool, measuring approximately 3 by 10 by 3 m is lined with concrete, 

and filled with local tap water having a conductivity of approximately 0.04 S/m. 

The concrete lining is porous which allows some water loss, and therefore reduces 

the resistivity contrast between the pool and the surrounding earth. The antennas 

of the ellipticity system were hung over the water, and the submerged drum target 

was passed below them. In this way, background variability usually encountered in 

geophysical surveys was effectively removed. 

The source and sensor antennas were separated by 4 m and were placed 'in line" 

to the survey line. The 55 gallon drum was submerged 0.92 m from its center, lying 

on it's side, with its axis perpendicular to the survey line. The same MoM model 

as used in Validation 3, namely that of 0.5 m per side square loops and a cage 

measuring 0.88 m in length with a radius of 0.29 m was used. The MoM antennas 

were loaded with 50 Q each. The wire segments were assigned a conductivity of 

5 • 10® S/m and a relative magnetic permeability of 180. The water was modeled as 

having both a conductivity and a dielectric constant of 81. 



To match the background ellipticity of the surveys at the frequencies considered, 

the field data were inverted using the EMIDSH program modeUng a homogenous 

half-space. Some variation in the inverted half-space values was expected because of 

the different depth-of-penetration of the ellipticity system at the different operating 

frequencies, perhaps reaching out of the lap-pool water and into the surrounding 

ground. The inverted conductivity was then used as input to the NEC model and 

the model response calculated. 

Figures 20 through 23 show a comparison of the model results to the pool field 

data at operating frequencies of 125 kHz, and 1, 4, and 8 MHz, respectively. As can 

be seen from these figures, the surveys measured at the lower frequencies considered, 

namely at 125 kHz and 1 MHz are not well reproduced with NEC, whereas the 

surveys taken at 4 begins to reproduce field data well (except for a constant offset 

in calculated ellipticity), and the 8 MHz survey is reproduced well by NEC. 

The reason for the failure of NEC to reproduce the lower frequency surveys is 

thought to be due to the electrical size of the source, sensor, and target at these 

frequencies. Very electrically small segments cause the solution to be ill-conditioned, 

leading to unpredictable solution error at low frequencies [48]. Moreover, the small 

electrical distance (the distance in effective wavelengths) of these to the interface do 

not follow modeling guidelines and may be the cause of the inability of NEC to model 

the buried drum at these survey frequencies. Unlike the normalized vertical field 

surveys considered earlier, where the loop is at a constant electrical distance from 



the interface, the calculation of ellipticity requires the sensor loop to be modeled in 

different orientations, and thus at different electrical distances from the interface. 

Different solution accuracy for the different sensor loop-orientations may be a cause 

to the erroneous ellipticity calculations at the lower survey frequencies. This is 

perhaps the reason for the constant offset seen in the 4 MHz calculation . 

Discussion and conclusions 

The Lawrence Livermore National Laboratories' NEC41D has shown interesting 

possibilities towards being a viable way to forward model the response of shallow 

3-dimensional good to perfectly conducting targets exposed to fields originating 

from small loop antennas for operating frequencies in the MHz range. The MoM 

algorithm results agrees well with the quasi-static solution of a sphere in free space, 

and agrees reasonably well with the UC Berkeley algorithm EMIDSH. Comparison 

with field data show that the MoM algorithm can adequately predict the response of 

a GEONICS EM34-3 'in line' survey over a buried steel drum, and can predict the 

ellipticity response of a steel drum immersed in water well if the operating frequency 

is in the MHz range. 

A problem with validating the NEC model solutions against field data, and one 

that is common to most frequency domain algorithms is the lack of consideration of 

the dispersive nature of the geophysical constitutive parameters. It is known that 
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Figure 20: Ellipticity response of a 55 gallon drum immersed in water and modeled 

with NEC at an operating frequency of 125 kHz. 
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Figure 21: Ellipticity response of a 55 gallon drum immersed in water and modeled 

with NEC at an operating frequency of 1 MHz. 
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Figure 22: Ellipticity response of a 55 gallon drum immersed in water and modeled 

with NEC at an operating frequency of 4 MHz. 
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Figure 23: Ellipticity response of a 55 gallon drum immersed in water and modeled 

with NEC at an operating frequency of 8 MHz. 



the conductivity and permittivity of most geophysical media change very consid

erably over the frequency range considered. To include these dispersive effects in 

the algorithms considered, something that has not been done in this dissertation, 

one would have to solve the algorithm model at different frequencies, using the 

background constitutive parameters appropriate for that frequency 

A problem experienced is that of the divergence of the NEC calculations from 

EMlDSH calculations when small normalized secondary field components are en

countered. This discrepancy usually manifests itself in the quadrature term of the 

resulting field. A good example of this is found in the results presented in Figure 

17 where a substantial discrepancy exists between the solution calculated by the 

method of moments and that obtained using the integral solution method as imple

mented in the UC Berkeley algorithm SHEET. The reason for this may partially 

be due to the dynamic range inherent in the NEC solutions. By using NEC to 

calculate the current induced on the sensor antenna, the total field of the model is 

calculated. The secondary field of interest is obtained by removing the layered field 

component from the total calculated field. The resulting secondary field is, in most 

cases, ver\' much smaller than the total field, and the subtraction performed after 

the model calculation may lack the necessary precision. This loss of precision may 

be magnified by the normalization of the calculated current due to the secondary 

field term by the current induced on the sensor by the primary field, a value usually 

much less than one ampere. 



Another problem found with the application of the NEC method of moments al

gorithm to the class of geophysical problems considered is that in the development 

and evolution of the NEC implementation, much effort has gone into condition

ing the electrically small wire elements found above the half-space to yield the 

desired results, this conditioning has not been applied to electrically small wire 

segments found within the half-space to date (in version NEC41D). The numerical 

error caused by the use of electrically small wire segments below the half-space can 

be greatly enhanced by the half-space Green's function implementation applied to 

calculate the geophysical model response [48J. 

Yet another problem that has been identified during this validation analysis 

is that of determining the proper modeled wire thickness. Errors in the effective 

surface area of a target constructed of a wire segment cage predominantly manifest 

themselves in the quadrature term of the resultant target response. Ludwig's [41J 

very general guideline for proper wire-segment radius, namely that of keeping the 

overall wire segment surface area of the structure modeled equal to the surface area 

of the solid target body, seems to be better suited for a target in free-space, but 

seems not to be as adequate for the effective surface area of a buried target when the 

source and sensor antennas are above the half-space. The data generated for this 

chapter, namely the comparison of a buried sheet to the UC Berkeley EMIDSH 

algorithm and comparison to field data, seems to indicate that a better effective 

surface area for the target is about half the total surface area of the actual target 
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(the total surface area of a drum being the external and the internal surface area 

of the cylinder). This ratio, although seeming to be a useful guideline for these 

validations, remains unexplored, and thus cannot be claimed invariant of model 

geometry, frequency, and ground conductivity. 

A problem also found in using the NEC algorithm to model the response of a 

geophysical target is the common use of electrically small source and sensor loop 

antennas, located close to the earth interface. NEC has had, and continues to have 

a problem modeling small loop antennas correctly. This algorithm limitation has 

been recognized by the authors of NEC [48], Although reduced, the small loop 

antenna Umitation still exists. More importantly, the electrical distance of the wire 

segment from the interface violates the modeling guideUnes set by the mathematical 

limitations of the Method of moment implementation, and may be a significant 

source of error at lower frequencies, especially in ellipticity calculations, where the 

sensor antenna is modeled at different distances from the half-space interface. 

Finally, the Green's function for a half-space used to calculate the fields above 

the earth is implemented via a look-up table to increase the speed of execution of the 

algorithm. The values in the look-up table are interpolated to best fit the specific 

geometry of each segment. For quantities that define the Green's function outside 

of the expected working boundaries of the algorithm (e.g. small separation dis

tances and deeply buried conductors directly below source/sensor antennas), NEC 

decreases the density of entries in the look-up table, therefore making the interpo
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lations less accurate [48]. Finally, asymptotic approximations are used for the high 

and low limits of these quantities. The result of this implementation, other than 

good processing speed, is that the accuracy of the Green's function implementation 

may vary over parameter ranges that are not traditionally encountered in the an

tenna analysis that the algorithm was originaily designed for (e.g. the geophysical 

problem). 

Yet. with these problems identified, the NEC41D implementation of the Mo

ments Method solution and all of its modeling options, remains a hopeful method 

to calculate the response of shallow conductive targets of almost arbitrary shape 

at high (in the MHz range) frequencies. Experience gained in the construction of 

canonical models (e.g., how many elements necessary in the wire cage target, and 

at what radius to model the wires), can be used to model the response of previously 

unvalidated targets. Alternately, field data can be taken over a test target, and 

models of that target validated, before applying the MoM algorithm to new classes 

of targets. 

It must be stated here that the best applications of these types of forward 

models may not be in their predictive qualities, but perhaps in their ability to 

perform parametric analyses on models whose response have been confirmed. These 

parametric analyses can be used in tool and survey designs. This gives worth to the 

method of analysis presented above, namely that of validating a versatile algorithm 

against more robust analytical and numerical methods, as well as against field data 
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of known target geometries and conductivities. 

NEC41D has an unusually simple user interface, and quick computation time 

(as compared to implementations of other integral equation solutions, or to time-

domain finite-difference methods). Even though NEC was designed to calculate the 

electromagnetic environment in the 3 to 30 MHz range, it can evidently, in some 

cases, model the response of a buried target at operating frequency that are as low 

as a few kHz. The NEC algorithm was developed and resides in the public domain, 

is well maintained, and is in wide use in the antenna design community. It has 

been shown that, with the ability of later versions of NEC to model the response of 

wire segments found below a resistive half space, NEC can be successfully used to 

model the response of compact, conductive, geophysical targets in the high induction 

frequency range. 
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Chapter Four: 

A Numerical study of current channeling 

Introduction 

Current channeling in the electromagnetic geophysical context can be a substantial 

mechanism in the overall response of a conducting target buried in a conductive 

earth. Current channeling can be defined as the currents induced in the conduc

tive ground by electromagnetic sources traveling the path of least resistance (e.g. 

through the more conductive target). Current channeling manifests itself due to a 

greater current traveling through the conductive target, which gives rise a greater 

secondary magnetic field produced by the target. The geophysical electromagnetic 

measurement thus experiences an increase in the target response due to an increase 

in secondary fields generated from the target. Since all terrestrial soils are some

what conductive due to their moisture content, current channeling is a mechanism 

that can affect most inductive electromagnetic prospecting methods, especially if 

the conductive target is in direct (galvanic) contact with the soil. 

Scale model experiments showing the effects of current channeling in enhanc

ing target response were reported by Gaur et al. [2],who measured the response of 

scaled targets to electromagnetic coil antennas when the target was set in free-space 

and when the target was immersed in conductive liquids. Gaur et al.'s thorough 
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experiments were conducted at a frequency of 100 kHz for a variety of solution 

conductivities and antenna orientations. These results showed target response en

hancement due to the immersion of the target in the conductive solution, and thus 

showed that current channeling can play a significant role in increasing the target 

response of electromagnetic detection measurements. 

In one sense, the current-channeling phenomenon goes against intuition. We 

expect the response of a target to decrease with an increase in background con

ductivity due to the attenuation of the electromagnetic signal in the surrounding 

soil. The expected attenuation is due to an increase in current generation as the 

soil increases in conductivity and thus due to greater dissipation of the electromag

netic energy in the form of ohmic loss. Indeed, Roy [53] states that "...Defined on 

the basis of the measurable total response from the system as a whole, detectability 

falls progressively with overburden conductivity.". Further, according to Roy [ibid.], 

even though the secondary field (i.e. the field produced by the current induced on, 

or channeled through, the target) may experience an enhancement due to the cur

rent channeling mechanism, this enhancement is maisked and thus lost when the 

total field response of an electromagnetic survey is considered. The result of Roy's 

conclusions is that the study of current channeling is an academic subject since pri

mary and secondary fields cannot be practically separated in measured data, and 

therefore that current channeling cannot be exploited in field survey data. 

The effect of current channeling has become more apparent in recent years as re
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searchers have developed numerical modeling algorithms to predict field data which 

take into account the generation and transmission of current in the conductive 

background. Using numerical methods, the secondary field contribution due to the 

target response can easily be separated from the calculated total field response. 

Because of this accessibility to the predicted secondary fields, the effects of current 

channeling on the response of the target has again become of interest. 

Notably, the University of Utah research group led by G.W. Hohmann found 

their numerical implementation of the integral equation solution for the response of 

buried 3-D conductive objects failed for certain contrast between the surrounding 

host and the target [4]. It was not until SanFilipo et al. [54] took the effect of 

current channeling into account in this algorithm that their results showed good 

agreement with field data for targets of known geometry throughout a large target 

contrast range. 

Since then, even with the mechanism of current channeling well understood, the 

effect of current channeling on teirget response has remained a mostly qualitative 

phenomenon. Even though Gaur et al. [2] reported results of a thorough parametric 

scale-model study of current channeling, their studies were limited to the range 

allowable by their scale model set-up, and no corroboration of their results by other 

methods has been found in the literature on the subject. 

Modern numerical algorithms that calculate the electromagnetic responses of 
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buried targets can be used to further study the phenomenon of current channeling. 

Using numerical modeling, many more parameters, that span a much broader range, 

can be used to define and characterize the effect of current channeling on electro

magnetic surveys without the set-up and instrument limitation of scale-modeling 

experiments. 

The numerical algorithm used 

The numerical algorithm used to analyze the effect of current channeling is a form 

of the integral equation solution implemented as EMlDSH. This algorithm has been 

described in chapter Three. EMlDSH WEIS developed by Hoversten and Becker [44]. 

EMlDSH originated from work done by Zhou [45] who furthered work originated by 

Weidelt [6]. Perhaps because the origins of EMlDSH where founded in geophysics, 

care is taken to properly integrate over the Green's function for a half-space in the 

algorithm, thereby taking into account any currents generated by the excitation 

signal and channeled in the conductive half-space. 

The portion of EMlDSH that calculates the response of a thin buried sheet to a 

dipole source does not include the surrounding medium's dielectric properties in its 

calculations, and thus uses a quasi-static approximation. Because EMlDSH takes 

the currents induced in the half-space into account, and allows the modeling of thin 

buried sheets. EMlDSH is able to incorporate the effect of current channeling in 
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its calculated solution. EMIDSH can be used to parametrically analyze the role 

current channeling has on the target response. The method of analysis used to 

investigate 

The fundamental model and the interpretation of it's cur

rent channeling component 

The method used to evaluate the effect of current channeling is to calculate the 

survey response of a conductive buried target while the surrounding ground con

ductivity, or background conductivity, is changed. In this way, the enhancement 

and/or attenuation of the survey response due to a change in background con

ductivity, and thus due to a change of currents induced in the ground, can be 

analyzed. The effect of increasing target response with increasing background con

ductivity cannot be strictly isolated to the effects of current channeling. The target 

response is expected to change with background conductivity, especially as seen 

in the quadrature component, due to the dependence of the phase change of the 

fields impinging the target on background conductivity. Yet these changes in target 

response not due to current channeling are expected to be small because of the 

effective distances considered, and, as will be seen, secondary compared to current 

channeling as target response enhancement does not occur throughout the whole 

background conductivity range considered. 
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The field components used to present the data need careful description and def

inition. Figure 24 is a schematic defining the different field components used in this 

current channeling enhancement study. The first schematic defines the free-space 

(primary) field. As in the conventional electromagnetic definition, the free-space 

fields are those received by the electromagnetic induction measurement system if 

that system is placed in an infinite free-space. The source and sensor antenna orien

tation and separation used for the target response measurement must be preserved 

for this definition. 

The second schematic of Figure 24 defines the secondary field. As in the con

ventional electromagnetic definition, the secondary field are those originating only 

from the target of interest. Specific to the geophysical context, the primary field 

defined above, and the layered field defined below are not included in the secondary 

field definition, but any enhancement due to currents induced in the half-space and 

channeled through the target of interest is. 

The third schematic of Figure 24 defines the layered field. The definition of the 

layered field occurs mostly in the geophysical context. The layered field is defined 

as the measuring system's response to the half-space in the absence of the target 

of interest. The survey geometry used to measure the target response must be 

preserved in this definition. The layered field does not include the primary field 

defined above (i.e. the primary field has been subtracted out). The total field, 

defined as the linear combination of the primary, secondary, and layered fields is 
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the most commonly measured field quantity. 

The numerical model consists of an 8x8 m conductive sheet buried horizontally 

at a 4 m depth in a homogenous ground. The source and sensor loop antennas are 

separated by 10 m and are modeled 0.5 m from the interface. The analysis is made 

using an 'in-line' survey configuration. This implies that the source and sensor are 

modeled as moving in unison, with their separation distance unchanged. The source 

is always a small horizontal loop antenna, approximating a vertical magnetic dipole 

(VMD). The sensor model is also a small magnetic loop antenna which senses the 

Cartesian components of the magnetic field. The results are presented as vertical 

magnetic fields and as magnetic ellipticity. The operating frequency is set to 10 

kHz. This operating frequency was chosen to make the induction number, defined 

as 3 = s • where s is the antenna separation, less than one over most of 

the independent variable range. It is in the approximate induction number region 

3 < Z that the effects of current channeling were found to be most pronounced in 

the target survey response. (This will become evident in the following analysis, in 

Figure 25, for example) 

Figures 25 and 26 show the logarithmic in-phase and quadrature components of 

the normalized secondary vertical field survey response of the buried sheet target. 

The complex secondary field response is normalized by the primary field response 

defined above. This normalization factor is a constant over the whole survey since 

the antenna separation does not vary in this analysis. The different curves in Figures 
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Figure 24: Schematic definition of the field components used in this analysis 
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25 and 26 are the survey response of the target buried in different background con

ductivities. Only the curves for the first and last background conductivities in the 

figures are labeled, but the change in survey response with increasing background 

conductivity is obvious in the figures, and is mostly monotonic. As is expected from 

a near perfectly conducting target, the change in target response is seen mostly in 

the quadrature term. In the quadrature term, the logarithmic increase in target 

response is constant with the logarithmic increase in ground conductivity, until the 

higher conductivities where current channeUng ceases to be the main contributor of 

the target's response mechanism. 

Figures 27 and 28 show the logarithmic in-phase and quadrature components of 

the normalized total vertical magnetic field survey response. The total field is again 

normalized by the primary field which is a constant over the whole survey. As in 

Figures 25 and 26, the different curves represent the survey response of the target 

having different background conductivities. A change in survey response with in

creasing background conductivity is apparent in both the in-phase and quadrature 

terms. The in-phase component of the normalized total field response is seen to 

increase in constant increments (on a loglO plot) with ground conductivity over the 

range considered. This shows that the presence of a half-space of varying conduc

tivity has an effect on the in-phase response of the normalized total field response of 

a buried target. Conversely, the quadrature term of the total field response shows a 

decrease in the enhancement rate at higher background conductivities. This implies 
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Figure 25: The in-phase component of the normalized secondary vertical magnetic 

field survey response of an 8x8 m sheet buried 4 m, to a 10 m VMD source config

uration. The family of curves are for different ground conductivities in Siemens/m 
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Figure 26: The quadrature component of the normalized secondary vertical mag

netic field survey response of an 8x8 m sheet buried 4 m, to a 10 m VMD source con

figuration. The family of curves are for different ground conductivities in Siemens/m 



114 

that the quadrature term is not as sensitive to the presence of the half-space as the 

in-phase term. From the quadrature term, it is seen that an enhancement in target 

response does exist as background conductivity increases. The effects of current 

channeling and of the presence of a conducting half-space cannot be isolated in 

Figures 27 and 28, so that it is not possible to state that the increase in total field 

survey response due to an increase in background conductivity is predominantly 

attributable to current channeling effects. 

Figure 29 is a survey response of the buried sheet target in terms of magnetic 

ellipticity for a variety of background conductivities. The ellipticity is calculated 

from the complex magnetic field [33]. 

Let Hx,H,j, and Hz be the complex received Cartesian components of the total 

magnetic field, and define 

The field components are rotated into the principal plane (assuming that this 

occurs when ^ = 0), 

(14) 

=  H ^ -  e - ' " .  H [ j  =  H y  •  e - ^ .  =  H ,  •  e"'^. (15) 

This rotation is contrasted to that used by Smith and Ward [34] who rotate the 
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Figure 27: The in-phase component of the normalized total vertical magnetic field 

survey response of an 8x8 m sheet buried 4 m, to a 10 m VMD source configuration. 

The family of curves are for different ground conductivities in Siemens/m 
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Figure 28: The quadrature component of the normalized total vertical magnetic field 

survey response of an 8x8 m sheet buried 4 m, to a 10 m VMD source configuration. 

The family of curves are for different ground conductivities in Siemens/m 
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field components into the vertical/radial plane. 

The 3-dimensional ellipticity is defined as 

e = — , .=  (16)  

where 5ft and G imply taking the real and imaginary parts, respectively, of the 

quantities indicated. 

As is seen from Figure 29, the ellipticity response decreases (this due to the 

negative convention of the ellipticity definition) with increasing background con

ductivity. Not only do the ellipticity values decrease, as seen at the survey's edge, 

but the magnitude of the survey anomaly due to the target also increases as the 

background conductivity increases. Because the ellipticity of a homogenous half-

space decreases with an increase of half-space conductivity, Figure 29 contains both 

the effects of a conducting half-space and of target response enhancement. 

In an attempt to separate the current channeling effects from the effect of a ho

mogenous earth of varying conductivity in the total field survey response, the family 

of curves can be 'equated' to an off-target station, here the station defining the sur

vey's edge. This 'equating' is accomplished by finding the response difference at the 

first survey station between the survey taken with lowest background conductivity 

and those taken with other conductivities. These differences (of different magnitude 
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Figure 29: The magnetic ellipticity survey response of an 8x8 m sheet buried 4 m, 

to a 10 m VMD source configuration. The family of curves are for different ground 

conductivities in Siemens/m 
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for each background conductivity curve) were calculated independently for the in-

phase and quadrature terms. This calculated difference was then subtracted from 

each station of each survey curve. 

This elementary manipulation of the family of curves can be seen as normalizing 

the background response of the surveys calculated with different ground conductiv

ities to a single (non-zero) background conductivity curve. Figures 30 and 31 show 

the in-phase and quadrature components of the total vertical field survey response 

equalized at the first survey station. Figures 30 and 31 show an enhancement in 

the magnitude of the target's total vertical field anomaly with the increaise in back

ground conductivity. After this elementary removal of the homogenous half-space 

response by equating the surveys at their first station, the increase in the magnitude 

anomaly in the resulting figures is predominantly attributed to current channeling. 

These modeling results, 'equalized' to isolate the effects of current channeling, show 

that the total vertical magnetic field response of a conductive target is susceptible 

to enhancements due to current channeling, at least in synthesized data where an

cillary complications such as geologic noise and depth of investigation issues are not 

considered. This is contrary to Roy's [53] statements made on the subject. 

The data of anomaly enhancement due to current channeling presented shows 

the effect of current channeling to be substantial, for the model considered, when 

the logarithmic scale of the plot ordinates are considered. 
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Figure 30: The in-phase component of the normalized total vertical magnetic field 

survey response (Fig. 27) equated at the survey's edge (Stat. 1). The family of 

curves are for different ground conductivities in Siemens/m 
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Figure 31: The quadrature component of the normalized total vertical magnetic 

field survey response (Fig. 28) equated at the survey's edge (Stat. 1). The family 

of curves are for different ground conductivities in Siemens/m 
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To coadense the data presented so that the parametric analysis of current chan

neling enhancement can be facilitated, figures of the maxima (or minima should 

the target response present itself that way) of the secondary field responses normal

ized by the primary field as a function of ground conductivity will be considered. 

To develop these figures, the maxima of the normalized field response (Fig. 25 

and 26) are taken for each background conductivity curve, and are plotted versus 

background conductivity. Figure 32 shows the in-phase and quadrature maxima 

curves for the 8x8m sheet model considered above. Because the normalized sec

ondary field responses are used to form these figures, any change in response with 

background conductivity is attributed to current channeling. As is seen in Figure 

32, the in-phase component of the target response maxima does not change greatly 

over the background resistivity range considered. The quadrature component, how

ever, increases linearly on the log-log scale until high background conductivities are 

reached, where its linear increase tapers-off. Using this representation, the param

eters of the 8x8m sheet model will be changed one at a time, and the change in 

survey response predominantly due to current channeUng will be calculated. 



123 

•OS 

D-
Q. 

.15 
X 

S 
X 
o 

a 
o 

-3.5 

0.01 0001 0.1 1 

ground conductivity (Sim) 

Figure 32: The maxima of the normalized secondary magnetic field response plotted 

as a function of ground conductivity. The model is of an 8x8 m sheet buried 4 m, 

and a 10 m VMD source survey configuration 
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Change in survey response due to changes in constitutive 

parameters 

The target parameters that are most pertinent in the current channeUng analysis 

are: the target dimensions, the target depth of burial, and the target dip. Sur

vey parameters that are pertinent are the operating frequency and survey antenna 

separation distance. 

Changes due to target size 

To study the effect of target size on possible current channeling enhancement, the 

target dimension perpendicular the source/sensor Une (in the lateral, or horizontal 

direction) was reduced from 8 m to 2 m in 2 m increments. The target remained 

buried horizontally at a depth of 4 m. Reduction of the target size in the dimension 

parallel to the source/sensor line, showed negligible change. 

Figures 33 and 34 show the in-phase and quadrature components of the nor

malized vertical secondary field maxima as a function of ground conductivity for 

different target sizes. The different curves are the maxima of targets measuring 

8x8, 8x6. 8x4 and 8x2 meters. Figures 33 and 34 show that the maximum survey 

response of the tgirget decreases with the target dimension considered. The rate of 

response enhancement with increasing ground conductivity does not change with 

target dimension since the quadrature component curves have similar shapes (Fig. 
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34). The increase in survey maxima as a function of target size is more pronounced 

when the target dimension considered is small than when it is large. 

Changes due to target depth 

The next parameter analyzed is the sensitivity of the target response enhancement 

to target depth. In order to study this sensitivity, the target depth in the basic 

model was varied from 3 to 4.5 m in 0.5 m increments. The sheet target measured 

8x8 m, and the survey geometry remained the same as above. Specifically the 

antenna separation ^i^stance was kept at 10 m, with the antennas elevated 0.5 m 

from the half-space. The source and sensor loop antennas were kept horizontal, 

approximating VMDs. 

To show the survey response sensitivity to the depth of target burial, the normal

ized secondary field maxima were again plotted against background conductivity, 

and the resulting in-phase and quadrature components are shown in Figures 35 and 

36. Figures 35 and 36 show that the survey response maxima are inversely propor

tional to the depth of burial. Moreover the increase in response is constant with 

constant decrease of burial depths, when considered on these log-log plots (i.e. the 

curves are virtually identical except for a constant vertical shift). Both the in-phase 

and quadrature components of the survey response maxima show changes at high 

background conductivities. 
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Figure 33: The in-phase component of the maximum normalized secondary verti

cal field response as a function of ground conductivity. The model is of a sheet 

of variable dimensions, buried 4 m, calculated with a 10 m VMD source survey 

configuration 
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Figure 34: The quadrature component of the maximum normalized secondary ver

tical field response as a function of ground conductivity. The model is of a sheet of 

variable dimensions, buried 4 m, and a 10 m VMD source survey configuration 
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Figure 35: The in-phase component of the maximum normalized secondary vertical 

field response as a function of ground conductivity. The model is of a horizontal 

8x8 m sheet buried at variable depth, calculated with a 10 m VMD source survey 

configuration 
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Figure 36: The quadrature component of the maximum normalized secondary verti

cal field response as a function of ground conductivity. The model is of a horizontal 

8x8 m sheet buried at variable depth, calculated with a 10 m VMD source survey 

configuration 
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Changes due to target dip aingle 

To show the sensitivity of the current channeUng enhancement due to target dip, the 

target was dipped at 15° increments while the target strike was kept perpendicular to 

the source/sensor line. In the same manner as the previously analyzed parameters. 

Figures 37 and 38 show the maxima of the normalized secondary vertical magnetic 

field response as a function of ground conductivity. The different curves are for a 

horizontally (0° dipping) buried, 15°, 30°, 45°, 60°, 75° dipping, and a vertical (90° 

dipping) buried target. As the target model is dipped in the source/sensor antennas 

line, its center is kept buried at a depth of 4 m. Figures 37 and 38 show the in-phase 

and quadrature maxima of the target response for a variably dipping 8x8 m sheet 

target. As before, the enhancement does not depend on the half-space response, as 

normalized secondary field responses are used to obtain the maxima curves. 

The dip angle is not a completely independent parameter, since the depth of 

burial of the top of the sheet also changes with dip angle. These coupled variables, 

namely the target dip angle and depth of target burial, may complicate the inter

pretation of the effect of target dip on target response enhancement. Indeed it is 

notable that in Figures 37 and 38, the in-phase and quadrature response maxima 

increase with dip angle, whereas the enhancement predominantly due to current 

channeling is expected to decrease with increasing target dip angle [54]. 

From Figures 37 and 38. it is not possible to corroborate previously published 
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Figure 37: The in-phase component of the maximum normalized secondary vertical 

field response as a function of ground conductivity. The model is of a horizon

tal 8x8m sheet at different dip angles (strike perpendicular to source/sensor line), 

calculated with a 10 m VMD source survey configuration 
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Figure 38: The quadrature component of the maximum normalized secondary verti

cal field response as a function of ground conductivity. The model is of a horizontal 

8x8m sheet at different dip angles (strike perpendicular to source/sensor line), cal

culated with a 10 m VMD source survey configuration 
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results [54] that indicate the effect of current-channeling enhancements to be greater 

in the response of targets which have predominantly horizontal dimensions. Neither 

the in-phase nor quadrature component of the maxima show a greater response from 

the horizontal target than from the vertical target, due to the effect of burial depth 

difference associated with changing the target dip. 

Changes due to survey operating frequency 

To analyze the effect of operating frequency on target response enhancement due 

to an increase in background conductivity, the response of the 8x8 m target buried 

4 m deep was calculated at 7 operating frequencies centered about 10 kHz, in 1 

kHz increments. Figures 39 and 40 show the in-phase and quadrature maxima of 

the normalized secondary vertical field response as a function of ground conductiv

ity. The in-phase maxima, (Fig. 39), show an inflection an the higher background 

conductivities which is a result of plotting the log of the absolute value of the nor

malized secondary field. In reality, the curve maxima change polarity from positive 

to negative at the inflection point. The survey curve maxima are not frequency 

dependent for surveys conducted at lower background conductivities, but their in

flection point (the zero-crossing) is. This frequency dependence of the secondary 

field response indicates the edge of the induction range, which is dependent on the 

operating frequency/background conductivity product. 
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The quadrature component of the survey response maxima remains linear on 

a log-log scale (Fig. 40) throughout most of the frequency range considered. Not 

only do the higher frequency surveys show larger maxima, but the current channel

ing enhancement rate decreases more rapidly over background conductivity for the 

higher frequency surveys. 

Changes due to antenna separation distance 

The final parameter analyzed is that of survey geometry as opposed to a ground 

or target parameter. In order to analyze this parameter, the separation distance 

was altered from the nominal 10 m in a range spanning from 9 m to 12 m. Figures 

41 and 42, calculated with the same standard model of an 8x8 m sheet buried 4 m 

deep, show the maxima of the normalized secondary field as a function of ground 

conductivity for surveys having different antenna separation distances. These figures 

yield enhancement predominantly due to the change in current channeling since the 

secondary fields considered do not take into account the presence of the homogenous 

half-space (except for current channeUng). 

The in-phase component of the response maxima show greater response for larger 

survey separations. This reflects the use of secondary fields normalized by the 

primary field of the survey. Since the primary fields are inversely proportional to 

survey spacing, normalization by primary fields yields stronger responses for large 

separation distances for the same secondary field values. 
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Figure 39: The in-phase component of the maximum normalized secondary vertical 

field response versus ground conductivity. The model is of a horizontal 8x8 m sheet 

buried 4 m for different operating frequencies, calculated with a 10 m VMD source 

survey configuration 
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Figure 40; The quadrature component of the maximum normalized secondary ver

tical field response versus ground conductivity. The model is of a horizontal 8x8 m 

sheet buried 4 m for different operating frequencies, calculated with a 10 m VMD 

source survey configuration 
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This different normalization factor used for the curves calculated for different 

array spacings may affect the quadrature component of the calculated maxima. 

The quadrature component of the survey responses increases slightly with antenna 

separation distance. The current channeling enhancement, however, appear the 

same for the separation distances considered as is seen by the similar slope of the 

maxima curves. 

Sensitivity study of the constitutive parameters on target 

response enhancement 

In an attempt to gain further insight into parameter dependence of survey enhance

ment, the piece-wise difference is calculated between the normalized secondary field 

maxima of adjacent parameter curves, and divided by the piece wise difference of 

the parameter considered. This approximation to the slope of the curve can be 

written mathematically as 

and gives an indication of the sensitivity of the target response maxima to the pa

rameter considered. For example, a large calculated difference of the maxima for 

a particular parameter indicates a large sensitivity of the maxima to that param

eter at that parameter value, whereas a small difference value indicates a relative 

insensitivity to the survey ma.xima for that parameter at that parameter value. 

f(parameter) = normalized secondary field maximum) 

9(parameter) 
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Figure 41: The in-phase component of the maximum normalized secondary vertical 

field response as a function of ground conductivity. The model is of a horizontal 

8x8 m sheet buried 4 m calculated at different array separations of a VMD source 

survey configuration 



139 

0 

•OS 

•t 

X.t5 

•2 
•9m 

-torn 
•llm 

•l2in "• •25 

•3 

-3 5 

0.01 0 001 

ground conductivity (S/m) 

Figure 42: The quadrature component of the maximum normalized secondary verti

cal field response as a function of ground conductivity. The model is of a horizontal 

8x8 m sheet buried 4 m calculated at different array separations of a VMD source 

survey configuration 
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Figures 43 and 44 are difference plots of the normalized secondary field response 

maxima as a function of tairget size. The dilferences were taken from Figures 33 and 

34, and are plotted as a function of the target size parameter considered. Both the 

difference of the in-phase and quadrature component of the difference in maxima 

indicate that the response maxima is more sensitive to a change in target size when 

the variable target dimension is small. Also, the quadrature component shows a 

large variation in parameter sensitivity for varying background conductivity values 

when the target dimension is small. This large variation in quadrature sensitivity 

decreases as the target dimension increases. 

Figures 45 and 46 are the difference plots of the normalized secondary field 

maxima as a function of the difference in target depth. The difference curves in both 

figures are negative implying a negative slope in the maxima curves. This arises 

from a decrease in response maxima with an increase in parameter value considered. 

The in-phase component of the difference curve is greatest when the burial depth of 

the target is small, and decreases for larger depth of burial. The difference values of 

the quadrature component, however, stay approximately the same over the whole 

depth of burial range considered. The variation in difference values with respect to 

background conductivity is larger for the quadrature component than it is for the 

in-phase component of the maxima difference. 

Figures 47 and 48 are the in-phase and quadrature components of the normalized 

secondary fields maxima difference as a function of target dip difference. From 
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Figure 43: The difference plot of the in-phase component of the normalized sec

ondary field maxima as a function of the difference in target size. The model is of 

a sheet buried 4 m, and a 10 m VMD source survey configuration. The different 

curves are for varying ground conductivities in Siemens/m. 
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Figure 44: The difference plot of the quadrature component of the normalized 

secondary field maxima as a function of the difference in target size. The model is 

of a sheet buried 4 m, and a 10 m VMD source survey configuration. The different 

curves are for varying ground conductivities in Siemens/m. 
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Figure 45: The difference plot of the in-phase component of the normalized sec

ondary field maxima as a function of the difference in target burial depth. The 

model is of an 8x8 m sheet , and a 10 m VMD source survey configuration. The 

different curves are for varying ground conductivities in Siemens/m. 
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Figure 46: The difference plot of the quadrature component of the normalized 

secondary field maxima as a function of the difference in target burial depth. The 

model is of an 8x8 m sheet, and a 10 m VMD source survey configuration. The 

different curves are for varying ground conductivities in Siemens/m. 
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the in-ph£ise component of the difference (Fig 47), it is seen that there exists a 

direct proportionality between the response maxima and the dip angle, making the 

in-phase component of the difference values positive. Also from Figure 47, there 

exists almost no variation in the in-phase component of the response survey maxima 

difference with respect to background conductivity. 

The quadrature component of the maxima difference as seen in Figure 48, is 

negative implying an inverse proportionality of the response maxima with respect 

to target dip angle. The variation in response maxima difference with respect to 

background conductivity is much greater at small dip angles that at larger ones. 

Figures 49 and 50 show the in-phase and quadrature components of the normal

ized secondary field maxima difference divided by the operating frequency difference. 

Because the difference was calculated from 7 frequencies centered about 10 kHz, six 

calculated points, which approximate the sensitivity of the normalized secondary 

field to operating frequency, resulted. 

The in-phase sensitivity of the response maxima to operating frequency varies 

from zero at the lowest background conductivity to —6 • 10~® at the highest back

ground conductivity considered. Moreover, the sensitivity of the normedized sec

ondary field with respect to operating frequency ranges from being constantly zero 

for the lowest ground conductivity to showing a direct proportionality with fre

quency at the higher ground conductivities. 
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Figure 47: The diflE^erence plot of the in-phase component of the normalized sec

ondary field majcima as a function of the difference in target dip angle. The model 

is of an 8x8 m sheet buried 4 m, and a 10 m VMD source survey configuration. The 

different curves are for varying ground conductivities in Siemens/m. 



147 

S-0 001 

*0-0 002 

a. 
£-0003 

•0 004 

•ooos 

•0 007 

275 52.5 

dip angle (degrees) 

S2.5 

Figure 48: The difference plot of the quadrature component of the normahzed 

secondary field maxima as a function of the difference in target dip angle. The 

model is of an 8x8 m sheet buried 4 m, and a 10 m VMD source survey configuration. 

The different curves are for varying ground conductivities in Siemens/m. 
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The variation in the quadrature sensitivity follow a similar trend but shows 

an inverse proportionality with operating frequency at the higher background con

ductivities. The sensitivity of the quadrature component changes more at higher 

background conductivity over frequency than its in-phase counterpart. 

Finally, Figures 51 and 52 show the difference plot of the normalized secondary' 

field maxima as a function of antenna separation distance. The in-phase component 

of the majcima difference shows an increasing sensitivity to antenna separation as 

the background conductivity increases. This increased sensitivity lessens as the 

antenna separation increases. 

The quadrature component also shows that the response maxima are more sensi

tive to the antenna separation distance at high background conductivity. However, 

the sensitivity levels found in the quadrature component remain constant over the 

separation distance range considered. 

Conclusions 

In conclusion, to numerically study the effect of current channeling, a numerical 

model was designated the standard model and consisted of a conductive sheet target 

measuring 8x8 m, and buried 4 m in a homogenous half-space of different conduc

tivity. The antenna separation of the survey was set at 10 m, and both source and 

sensor antennas were modeled 0.5 m from the half-space interface. The result of 
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Figure 49: The difference plot of the in-phase component of the normalized sec

ondary field maxima divided by the difference in operating frequency. The model is 

of an 8x8 m sheet buried 4 m, and a 10 m VMD source survey configuration. The 

different curves are for varying ground conductivities. 



150 

ii. <.000003 
E 

X OOOCOM 

9.5 10.S 

operating fraqinncy (kHz) 

Figure 50: The difference plot of the quadrature component of the normalized 

secondary field maxima divided by the difference in operating frequency. The model 

is of an 8x8 m sheet buried 4 m, and a 10 m VMD source survey configuration. The 

different curves are for varying ground conductivities. 
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Figure 51: The difference plot of the in-phase component of the normalized sec

ondary field maxima divided by the difference in antenna separation distance. The 

model is of an 8x8 m sheet buried 4 m, and a variable distance VMD source survey 

configuration. The different curves are for varying ground conductivities. 
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Figure 52: The difference plot of the quadrature component of the normalized 

secondary field maxima divided by the difference in antenna separation distance. 

The model is of an 8x8 m sheet buried 4 m. and a variable distance V'MD source 

survey configuration. The different curves are for varying ground conductivities. 
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this standard model survey was presented as the secondary vertical magnetic field 

normalized by the primary field, the total vertical magnetic field normalized by the 

primary field, and by the magnetic ellipticity value which is a total magnetic field 

quantity. The total normalized field was 'equalized' at the survey edge in an at

tempt to remove the contribution of the homogenous half-space from the total field 

solution. This, in effect, was normalizing the various curves calculated at different 

background conductivities to a single, non-zero, background conductivity. Results 

of this 'equaUzation' showed that the total field response shows a significant increase 

in target anomaly magnitude with an increase in background conductivity, contrary 

to Roy's[53] statements. 

To analyze the effect of parameter changes on the target response enhancement 

with background conductivity, five target and survey parameters from the standard 

model were analyzed for their effect on the target enhancement phenomenon. The 

first three parameters were ground and target related, namely target size, target 

depth, and target dip. The last two parameter were survey parameters, namely 

that of operating frequency and antenna separation distance. 

The parameter analysis results were presented as the survey maxima as a func

tion of ground conductivity. By examining only the maxima, the data as a function 

of ground conductivity can be compared for different parameter values. Also, be

cause the maxima of the normalized secondary vertical fields were compared, that 

is. the secondary fields that are produced only by the target, the effect of the pres-
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Table 2: Summary of the sensitivity analysis 

A%(Aa) A % (Aparam eter) sensitivity to parameter 

Ut 3? 9? 

Target size 47 7900 -66 50 inversely proportional 

Target depth 50 4150 -67 -27 inversely proportional 

Target dip 22 8200 -540 -1700 inversely proportional 

Frequency 5900 5900 22 32 proportional 

Ant. spacing 44 10900 -6.7 0 constant 

ence of the homogenous half-space (other than the target response and the current 

channeling effect) is not included in the comparison. 

Up to this point, the analysis of the maxima variation and sensitivity to control

ling parameters has been qualitative. Table 2 summarizes the maximum percentage 

change of the response maxima of the in-phase and quadrature terms over the back

ground conductivity range considered, the maximum percent change of the in-phase 

and quadrature terms response maxima over the parameter range considered, and 

also whether the sensitivity of the response maxima are proportional or inversely 

proportional (i.e. does the sensitivity increase or decrease with the parameter) to 

the parameter considered. 

Some problems brought forth by this analysis are found when normalizing and 
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taking the survey maxima of the data. Specifically, any non-constant normalization 

factor used-in this analysis, the desire to normalize the secondary field response 

with the free-space target response to calculate the enhancement index ratio [2], 

is going to yield erratic results if the free-space response passes through zero. In 

these regions, the free-space target response will be very small and will thus yield 

large normalized ratios. These large values are a remnant of the normalization and 

are not indicative of the current channeling effect. Also, if the station location of 

the free-space target response maxima changes with respect to the buried target 

maximum response station number, erratic comparisons of the parameter under 

analysis can be obtained. 

The level of station discretization-the possibility of a survey station maxima not 

really representing the true anomaly maximum, must also be monitored during data 

reduction. For certain parameter studies (e.g. where the target depth is large) the 

survey maxima shift along the survey line for targets having different background 

conductivity values. The survey stations must be kept close enough to each other 

in order not to have the survey discretization bias the survey maxima. 

It has sometimes been difficult to separate the parameters (e.g. the target dip 

and depth of burial parameters), in which case some of the results may have been 

influenced by the analysis of these dependent parameters. By using the secondary 

field maxima to analyze the effect of response enhancement with changes in back

ground conductivity, the current channeling effect has been isolated as the secondary 
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fields do not include layered fields as defined in Figure 24. 

Quantitative analysis of current channeling of a general geophysical geometr\' 

is difficult due to the dependence of current channeling on the target and survey 

geometry. Because of the linear increase of the quadrature response (Fig. 26, for 

example) some extrapolation of response maxima curve is possible for background 

conductivities lower than the range considered. This may be helpful in rare situa

tions where the soil conductivity is below 0.0011 S/m (e.g. frozen ground). 

Also , the separation of current-channeUng enhancement from the 'normal' en

hancement expected from a phase change in the impinging fields with changes n 

background conductivity is difficult to achieve, even with the availabili';v of ^he 

secondary field component. As addressed earfier, the non current-channehng target 

enhancement is expected to be minimal due to the electric distances of the survey 

geometries considered. This hypothesis is validated by noting that the target en

hancement in the secondary field response does not increase in the whole background 

conductivity range considered, but slows and then stops at the higher background 

conductivities considered. 

In conclusion, it is hoped that the qualitative effects of current channeUng have 

been brought out in this analysis. As seen, the effect of current channeling en

hancement on the secondary fields are substantial and sometimes dramatic. Current 

channeling can be seen to have an effect on the total field as well, ev-en though it is 
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hard to analyze in the total field as changes in ground conductivity affect the back

ground survey response. Qualitatively, it can be said that the enhancement due to 

current channeling increases with target size, target depth, and antenna separation 

distance, while decreasing with frequency and target dip. 
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Chapter Five: 

A comparison of results of the three algorithms 

considered 

Introduction 

So far in this dissertation, two electromagnetic solution algorithms (an FDTD and 

a MoM solution, named TSAR and NEC, respectively) that were previously not 

well known in the geophysical context were used to produce calculated fields for 

geophysical targets. These targets were, a 1-D layered earth calculated with TSAR 

and buried conductors calculated with both TSAR and NEC. The resulting fields 

were calculated as the response of a vertical magnetic dipole (VMD) excitation in the 

electromagnetic induction range. TSAR and NEC originated in the electromagnetic-

propagation/antenna-design community and £is such were optimized to solve a spe

cific set of (non-geophysical) electromagnetic problems. After adaptation of these 

numerical algorithms to calculate the response of buried targets, they were exten

sively validated against published geophysical data obtained using other solution 

implementations, implementations of published analytic solutions, as well as field 

data. Another algorithm (EMIDSH), developed expressly for the geophysical elec

tromagnetic induction solution was used to analyze the geophysical current chan

neling phenomenon. 
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Because of its origin and previous extensive validation with field data, the results 

calculated by EMIDSH have been considered a benchmark in this dissertation. This 

has not been the case for TSAR and NEC whose limits had to be explored by 

stressing the algorithms, whose model had to be adjusted to study the sensitivity 

of each parameter to see how close the solution could be made to the published or 

benchmark solutions by adjusting ancillary model parameters, and whose solution 

had to be adjusted for numerical noise and physical parameters that had not been 

taken into account in the algorithms or their input models. 

This manipulation of the input models leads to the following questions: (1) How 

much 'curve smoothing' is required in the TSAR and NEC algorithm solutions to 

make their comparison favorable to other results? (2) After so much input model 

optimization, can these algorithms still be used to predict the unknown response of a 

geophysical target? (3) Are the currents generated in the half-space and channeled 

through a conductive target (the current channeling effect) effectively accounted for 

in the algorithms considered? 

To answer this, a model of a unique target was developed for each of the algo

rithms and the survey response calculated for a range of background conductivities. 

A sheet model was created that was similar to the basic model used in Chapter 4. 

To make the problem geometry more compact (and thus easier to calculate with 

the FDTD algorithm TSAR), the horizontal sheet target was reduced to a sheet 

measuring 2x2 m and buried 1 m in a homogenous ground. The antenna separation 



160 

distance and heigiit above the interface were 2 m and 0.5 m, respectively. The 

operating frequency was changed dramatically, up to 585 kHz to accommodate the 

FFT output of the FDTD algorithm TSAR. 

At this operating frequency and antenna separation, the induction number de

fined as [55] 

3  =  s e p a r a t i o n  •  y ,  (17) 

ranges from 0.10 to 1.11. The current channeling mechanism has a substantial effect 

on the target response in this frequency range, and thus an enhancement in response 

maxima is expected with increasing background conductivity for this model. The 

algorithm solutions will be purely predictive-that is, no refinement of the obtained 

solution by adjustments of the ancillary parameters will be performed. 

The TSAR input model and results 

The TSAR model consisted of a mathematical grid measuring 10 m (in x) by 14 

m (in y) by 12 m (in z). The grid consisted of cubes measuring 0.25m per side 

(thus creating a 40x56x48 cell workspace). The half-space interface, set in the x-y 

plane, was modeled at 2=7 m, thereby leaving 5 m of free-space above the half-

space interface. The 2x2 m target was modeled 0.5 m thick, with it's upper edge 
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buried 1 m below the half-space interface. The sheet target thus consisted of 8x8x2 

cells. The target conductivity was set at 1.0-10® S/m to simulate a perfect electrical 

conductor. The background conductivity was varied, as in the previous chapter from 

0.0011 S/m to 0.1335 S/m in logarithmic steps. The source and sensor antennas 

were modeled as vertical magnetic dipoles 0.5 m from the half-space interface, and 

separated by 2 m. The source and sensor antennas were modeled using an in-line 

survey, and were kept at a constant distance from each other as the survey response 

to the target was calculated. The survey measured ±5 m from the array midpoint 

to the target center. As in Chapter 2, the grid was excited with a synthesized 

wave-form whose spectral content contained power at the frequencies of interest. 

The time-domain output was transformed into the frequency domain via a discrete 

FFT. 

Since the TSAR solution is a total field solution that does not separate the sec

ondary field from the primary field in its solution, the model was rerun to calculate 

the layered response to the survey, that is, the resulting total fields calculated in 

the absence of the target. The TSAR free space response, the survey response of 

the source and sensor antenna set in free-space, was also calculated. 

Figures 53 and 54 show the in-phase and quadrature components of the survey 

normalized secondary field for different background conductivities. The relative di

electric constant was set to 1 to allow comparison of the TSAR results with other 

algorithm calculations. These normalized fields were obtained by subtracting the 
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layered response from the total response, and then normalizing this difference by 

the free-space response. As before only the lowest and the highest background con

ductivities are labeled, but because the change in survey response with background 

conductivity is monotonic, the values of different background conductivity curves 

are obvious. From Figures 53 and .54, it must be noted that the 4th background 

conductivity curve {a = 0.0086 S/m) had a model input error and is identically zero 

over the whole survey, leading to a discontinuity in the change in the curves where 

it should be found between the third and fifth curve. The quadrature component of 

the survey response as calculated by TSAR (Fig. 54) shows a httle numerical noise 

in the solution at the higher background conductivities. 

As in Chapter 4, to more clearly compare the calculated target response of the 

different algorithms, the maxima of the survey response is plotted as a function of 

background conductivity. The in-phase and quadrature components of these survey 

maxima as a function of background conductivity is shown in Figure 55. The 

quadrature component of Figure 55 shows a linear increase of survey maxima in the 

lower background conductivities range that has been previously associated with the 

current channeling phenomenon. The quadrature component of Figure 55 shows an 

unexpected departure from linearity at the lowest background conductivities which 

is attributed to algorithm error. 
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midpoint to target (m) 

Figure 53: TSAR in-phase component of the survey response of a 2x2 m sheet 

target buried 1 m. The family of curves are the response of the target at different 

background conductivity 
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Figure 54: TSAR quadrature component of the survey response of a 2x2 m sheet 

target buried 1 m. The family of curves are the response of the target at different 

background conductivity 
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Figure 55: TSAR in-phase and quadrature components of the response maxima of 

a 2x2 m sheet buried 1 m versus background conductivity 
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The NEC input model and results 

The NEC model, consisting of conducting wires, used a 2-D wire mesh to approx

imate the sheet target. The target consisted of a grid having 11 x II wires, each 

parallel wire separated by 0.2 m. The radii of these wires were set at 0.01447 m. 

calculated by the guideline described in Chapter 3, najnely that the overall wire 

surface area be equal to half the overall surface area of the sheet. The target, which 

was allowed to be perfectly conducting, was modeled buried horizontally 1 m below 

the half-space interface. 

The vertical magnetic dipoles in the NEC algorithm must be modeled as small 

loop antennas, again made up of conducting wires. The source and sensor loop 

antennas were modeled as measuring 0.15 m per side, and were made up of 12 

wire segments of equal length. A resistance of 5 was added to each antenna to 

stabilize the input impedance of the antenna. Such a small resistive load was chosen 

to allow the current induced by the received magnetic field on the sensor antenna to 

be large in comparison with the current induced by the capacitive coupling (or by the 

electric field) between the source and sensor antennas. At the risk of perturbing the 

magnetic field with large received currents, this small antenna load was necessary 

since the shielding used in physical antennas cannot be modeled by NEC. 

NEC models of loops over a homogenous half-space were run to study the effect 

of second order magnetic field perturbation due to large induced currents on the 
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sensor loop. This was performed by vaxying the antenna load of the NEC model 

through a wide range of resistance, and watching for the calculated normalized 

induced current to deviate from a constant. This analysis showed that the antenna 

loading can be as small as 0.1 Q before the normalized total fields begin showing 

the effects of second order magnetic field perturbation. 

As in the TSAR model, the antenna centers were modeled with a 2 m separa

tion, raised 0.5 m from the half-space interface. Surveys of the target model were 

calculated with varying background conductivities, the dielectric constant was set 

to that of free-space to allow comparison with the other algorithms. The survey 

lines measured ±10m from the array midpoint to the target center. 

As in chapter 3, the resulting fields used to calculate the survey response were 

taken to be the current induced on the sensor coil. Because secondary fields nor

malized by primary fields are presented, the induced sensor current is proportional 

to the field components measured. Mathematically, 

H3 I total ^layered (18) 
Hp Iprimary 

The in-phase and quadrature components of these calculations are shown in 

Figures 56 and 57. The round-off error created by NEC (since the layered field 

must be subtracted from the total field to obtain the secondary field component) 

in both components of the solution is substantial. Also, the algorithm fails to 
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provide the correct prediction of the target anomaly at very low values of background 

conductivity. 

To get a better understanding of the NEC survey response, Figures 56 and 57 

were again plotted, this time with approximately the same ordinate range as the 

TSAR results, as Figures 58 and 59. Once plotted on similar ordinate ranges, and 

thus with the lower background conductivity curves chpped from the graph, the 

"valid' NEC results do not look too dissimilar to the TSAR results. The numerical 

noise found in the family of curves having different background conductivities is 

substantial as seen in Figures 58 and 59. 

Thus what seemed at first glance to be survey responses that were much different 

that the ones calculated by TSAR, axe similar to the TSAR results if the 4 lowest 

conductivities are not considered. Figure 60 is a plot of the in-phase and quadrature 

components of the NEC response maxima plotted as a function of ground conduc

tivity. The numerical noise is also evident in the maximum response of the surveys, 

manifested as roughness in the in-phase and quadrature curves. The validity of the 

maxima of the curves calculated with the lowest four background conductivities can 

also be questioned from this graph. 
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Figure 56; NEC in-phase component of the survey response of a 2x2 m sheet target 

buried 1 m. The family of curves are the response of the target at different back

ground conductivity in Siemens/m. The NEC solution fails for very low background 

conductivity. 
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Figure 57: NEC quadrature component of the survey response of a 2x2 m sheet 

buried 1 m. The family of curves are the response of the target at different back

ground conductivity in Siemens/m. The NEC solution fails for very low background 

conductivity 
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Figure 58: NEC in-phase component of the survey response of a 2x2 m sheet target 

buried 1 m with curves of lower background conductivities clipped. The family of 

curves are the response of the target at different background conductivity 
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Figure 59: NEC quadrature component of the survey response of a 2x2 m sheet 

target buried 1 m with curves of lower background conductivities clipped. The 

family of curves are the response of the target at different background conductivity 

in Siemens/m 
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Figure 60: NEC in-phase and quadrature components of the response maxima 

of a 2x2 m sheet target buried 1 m as a function of background conductivity in 

Siemens/m 
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The EMlDSH input model and results 

A model for the 2x2 m sheet buried 1 m in a half-space of varying conductivity 

was created for input into EMlDSH. Since a sheet target was chosen to be easily 

calculable by EMlDSH, the input model was very simple. The target was modeled 

as a horizontal 2x2 m sheet buried Im in a homogenous half-space. The target was 

assigned a conductance of 1.0 • 10®S to model a perfect electrical conductor. The 

antennas were modeled as small square loop antennas measuring 0.15 m per side, 

and were kept at a separation distance of 2 m, their height from the half-space 

interface was, as with the other models, 0.5 m. The survey lines, calculated for 

different background conductivities, measured ±10 m from survey array midpoint to 

the center of the target. EMlDSH yields secondary field values. EMlDSH was again 

run with the antenna array in a free-space approximation, with the conductivity of 

the target and the background set at I ^S/m to obtain the primary field response 

needed to normalize the secondary fields. 

Figures 61 and 62 show the in-phase and quadrature components of the nor

malized secondary field survey response of the 2x2 m sheet target. As seen by the 

symmetry of the response curves about the target center, and by the symmetry of 

the magnitude of the labeled points about the target center, the EMlDSH calcu

lation is obviously the algorithm solution that has the least numerical noise. This 

is in part due to the choice of making EMlDSH the benchmark algorithm in this 
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comparative study-the choice of target was favorable to the output of EMIDSH. 

From Figures 61 and 62, the changes in the survey response with changes in back

ground conductivities are clearly seen: The magnitude of the in-phase component 

of the anomaly is inversely proportional to background conductivity, while the mag

nitude of the quadrature component of the target anomaly is directly proportional 

to background conductivity. 

As with the results of the previous algorithms, the logarithm of the in-phase and 

quadrature component of the normalized secondary field survey response maxima 

are plotted as a function of ground conductivity in Figure 63. The lack of numerical 

noise in the EMIDSH results is evidenced by the smoothness of the curves. The 

current channeling effect is quite evident by the linear increase (on the log-log plot) 

of the quadrature term for the lower background conductivity values. 

Conclusions 

It is of interest to superimpose the normalized secondary field survey response max

ima of the three algorithms considered on the same plot for comparison. Figures 64 

and 65 show the in-phase and quadrature components of the normalized secondary 

fields survey response maxima of the three algorithms compared as a function of 

ground conductivity. As seen from the ordinate label, the survey maxima are plot

ted on a logarithmic scale. .A-ll three algorithm results agree fairly well with each 
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midpoint to target (m) 

Figure 61: EMlDSH in-phase component of the survey response of a 2x2 m sheet 

target buried 1 m with curves of lower background conductivities clipped. The 

family of curves are the response of the target at different background conductivity 

in Siemens/m 
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Figure 62: EMlDSH quadrature component of the survey response of a 2x2 m sheet 

target buried 1 m with curves of lower background conductivities clipped. The 

family of curves are the response of the target at different background conductivity 

in Siemens/m 
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Figure 63: EMIDSH in-phase and quadrature components of the response maxima 

of a 2x2 m sheet target buried 1 m as a function of background conductivity 



179 

other. 

When the very different solution implementation of these algorithms is consid

ered, it is already fortuitous that an overlap in valid input model geometry for the 

three algorithms exists. The solution approaches of the three algorithms considered 

are very different, with the FDTD method (TSAR) being more diflE^erent than the 

MoM (NEC) and integral equations (EMIDSH) solutions. Explicitly, it is notable 

that the response of a perfectly conducting thin sheet can be calculated using an 

FDTD approach, which is a time-domain algorithm more suited for large 3-D target 

(whose three dimensions are of the same order) of modest conductivity contrast. 

Also notable is that the method of moments approach which is more suited to per

fectly conducting targets can be adapted to model the response to modestly lossy 

targets. 

As was seen in Figures 58 and 59, NEC has the largest numerical noise level 

when solutions calculated with different background conductivities are considered, 

even though the anomaly curves seem fairly consistent when calculated at a single 

background conductivity. The numerical noise becomes greater for vertical targets 

as considered in Chapter 1. Some numerical noise also exists in the TSAR solution 

as evidenced in Figures 53 and 54, especially at the edge of the target anomaly. 

NEC's failure at low background conductivities is again apparent in the algo

rithm comparison for this target geometry. More explicitly said. NEC seems to 
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Figure 64: Comparison of the in-phcise component of the response maxima of a 2x2 

m sheet target buried 1 m as a function of background conductivity as calculated 

by TSAR, NEC, and EMIDSH 
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Figure 65: Comparison of the quadrature component of the response maxima of 

a 2x2 m sheet target buried 1 m as a function of background conductivity as cal

culated by TSAR, NEC. and EMIDSH. For this model, it is seen that NEC fails 

for frequency ground-conductivity products much less than 2500, and TSAR fails 

at frequency-ground-conductivity much less that 1250. 
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fail at frequency-ground-conductivity product values much less than 2500 for this 

target. This product determines the effective electric length of the wire segments 

used to model the target. Otherwise, at higher induction numbers, NEC agrees 

with EMIDSH results quite well. TSAR seems to fail at low induction numbers 

also as seen from the quadrature component of its survey response maxima (Fig. 

65). Numerically, it can be said that TSAR fails to predict the response of a 2x2 m 

conductive sheet when the frequency-ground-conductivity becomes much less than 

1250. This failure occurs when the conductivity contrast between the target and 

the background becomes too great. 

This comparison of a single target model has helped to answer the questions 

posed at the beginning of this chapter. Explicitly, the round-off error levels of the 

different algorithms have been explored, yielding insight on the amount of solution 

precision that can be expected from the algorithms considered. All three algo

rithms considered show an increase in quadrature response maxima with increasing 

background conductivity, thereby considering the current channeling effect in their 

solution. This current channeling effect increases the survey response maxima a 

full order of magnitude within the range of background conductivity commonly ac

cepted as being normal soil conductivity. This solution comparison has shown that 

all three algorithms are viable to predict the response of this class of conductive 

target. 

Overlap of viable numerical algorithms for a particular class of targets should 
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be sought and exploited, as it is eeisy to become complacent about the ability and 

correctness of a single algorithm. Predictive numerical modeling requires accuracy 

checks of algorithm solutions between various algorithms, as well as consistency 

checks of an input model within a single algorithm. 
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Chapter Six: 

Summary and Conclusions 

Theme and accomplishments 

The common theme in this dissertation was to study the application of electro

magnetic methods to shallow geophysical targets in the context of environmental 

remediation. As such, the project encompasses the electromagnetic detection of 

targets buried near the surface. These targets can be categorized as small targets 

that are highly conducting, representing metallic waste, or buried waste containers 

such as paint cans and steel drums. Other shallow targets that pose environmental 

dangers can take the form of dielectric (highly resistive) targets, or targets that 

have a weak resistivity contrast with the surrounding soil. These may take the form 

of wooden, cardboard, or plastic containers holding hazardous materials, or even 

weakly electrically contrasting liquids found in the form of buried sheets or volumes. 

Because of their depth of burial, and their small size, high frequency (approx

imately in the 30 kHz to 30 MHz range) electromagnetic methods are the best 

choice for this kind of detection. When modeling the responses of geophysical tar

gets in this frequency range, not only the ground and target conductivities need 

to be considered, but also the other constitutive parameters of the model (eqs. 1 

and 2). High relative magnetic permeability (^) values are usually not encountered 
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in natural geophysical settings, but can constitute a significant part of the electro

magnetic response of man-made materials at these frequencies. Ground and target 

permittivity has a significant effect on the target response at these frequencies as 

well. 

To study the anticipated response of these types of targets to a loop source 

antenna, three existing 3D numerical algorithms were studied and some required 

adaptations were made. These studies took the form of model validation using pre

existing published numerical data, numerical implementation of analytic solutions, 

and obtained field-data. 

Chapter 2 explored the Lawrence Livermore Laboratories written TSAR FDTD 

algorithm in the geophysical context. Fast-Fourier transforms were written for both 

the input and output wave-forms, and a good understanding was obtained about 

the capabilities and limitations of TSAR. In Chapter 2, pre-existing ID ellipticity 

data, was reproduced well using TSAR. These ID data, sometimes of complicated 

model geometry, were comprised of changes in both ground conductivity (a) and 

dielectric permittivity (e). A study of the effect of FDTD cell size on the solution 

was presented. This analysis showed that as long as the modeling guidelines are 

adhered to-specifically that ten cells per effective wavelength in the medium with 

the fastest propagation are modeled, the increase in solution accuracy is by far 

outweighed by the increased computational cost of reducing the model cell-size. 

Finally, after the ID validation, a leap was faken to produce and present results of 
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2- and 3-D model geometries in the form of magnetic ellipticity. These 2- and 3-D 

results were presented without validation, but are anticipated correct due to the 

symmetry of the mathematical implementation of the TSAR FDTD algorithm. 

Chapter 3 explored the Lawrence Livermore Laboratories written NEC method 

of moments algorithm in the geophysical context. Minor non-mathematical al

teration, such as the output format of the current induced on wire segments was 

performed on NEC. NEC results were validated on the numerical implementation of 

analytic solutions of the magnetic dipole response of a conducting sphere modeled in 

free-space. The sphere target was assigned both high conductivity (a) and magnetic 

permeability {/j.), thus the ability to model such targets as steel and other metal

lic targets. The validation of NEC against such free-space targets was excellent. 

NEC was compared against results of the University of Berkeley written EMIDSH 

algorithm which models the response of sheets buried in a conductive (cr) ground. 

Results for the horizontal, 45° dipping, and vertical buried sheet model validation 

were good, but began to show the effects of a non-optimized implementation of 

the Norton/Sommerfeld integral solution needed to account for the presence of the 

half-space. An investigation was performed on the optimum wire segment radius 

needed in geophysical application of the NEC algorithm. It was found that better 

results were achieved with wire-segment radii whose surface area was approximately 

half of the total surface area of the modeled target (in this context, the surface area 

of a conducting sphere would be the inside and outside surface area, or 87rr^). NEC 
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was then validated against a GEONICS EM-34-3 survey of a buried steel drum, and 

ellipticity surveys of a steel drum immersed in water. Good validations were ob

tained for the NEC models as compared to these field data, but problems persisted 

in the Norton/Sommerfeld integral solution implementation. 

Chapter 4 presented the results of a parametric analysis of the current chan

neling phenomenon. The concept of current channeling has been well understood 

for a couple of decades now, but the quantitative effects of current channeling on 

electromagnetic surveys remain somewhat mysterious. The University of California 

Berkeley algorithm EMIDSH was used to explore the effects of current channeling on 

peak target response in a quantitative manner. The effect of three target parameters 

were explored, i.e. target size, depth, and dip. The effect of survey antenna separa

tion was also analyzed. The EMIDSH data presented in this chapter were plotted 

in many different ways to try to gain understanding of the parametric influence on 

current channeling, but are mostly plotted as a function of ground conductivity, 

the parameter most fundamental in the determination of current channeling levels. 

Chapter 4 culminates in difference plots of maximum normalized secondary fields as 

a function of the difference in the parameter under analysis. This can be regarded 

as an approximation to the first derivative of the maximum normalized secondary 

field response with respect to each parameter. These plots give an indication of 

the relationship of the change in a parameter to the maximum response. From 

these difference plots, the polarity of change in maximum response with a change 



188 

in parameter (i.e. whether the difference is negative or positive) is obvious. 

Chapter 5 compared the TSAR, NEC and EMIDSH algorithms by comparing 

the calculated results of a particular target. The target, a 2x2 m horizontal sheet, 

was predictiveLy modeled, that is, without adjustments of the input parameters 

or refinements of the output data. The target was modeled buried in a variety 

of background resistivities to detern:.ine whether all three algorithms satisfactorily 

considered the generation and channeling of currents in the conductive half-space. 

Results of this comparison show that, according to the results calculated by the 

EMIDSH algorithm (i.e. using EMIDSH as a benchmark), TSAR and NEC can 

effectively predict the response of the this type of target at a fixed frequency if the 

background conductivity is large enough, or, at a fixed background conductivity if 

the operating frequency is high enough. It is notable that TSAR, calculates time-

domain solutions that agree with EMIDSH even when a 2x2x0.5 m volume target 

is considered. 

NEC and TSAR fail to predict response of buried targets at low background 

conductivity values. Because such failures have been noted at low frequencies in the 

NEC algorithm, the working ranges for these algorithms were chosen to be described 

in terms of conductivity-frequency product. Thus, it is noted that NEC and TSAR 

experience a failure to predict the response of buried targets at low product values 

(2500 and 1250 respectively) for class of models that was considered. 
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From this comparison, NEC is seen to have the most numerical noise, followed 

by TSAR. For this particular model, however, no catastrophic failure was evident 

in the NEC solution as long as the solution was calculated in the frequency-ground-

conductivity product greater than 1250. 

Clearly the sheet target chosen favored EMIDSH since this algorithm is special

ized for the calculation of buried sheet responses. Because of this specialization, 

EMIDSH lacks some target modeling versatility even though target volumes can be 

created by using multiple parallel sheets [56]. Also, it is recognized that the vertical 

orientation of the sheet target was a favorable one for the NEC algorithm. Yet, this 

comparison, coupled with the comparisons developed in Chapters 2 and 3 should 

be sufficient to make a clear assessment of the capabilities and limitations of the 

algorithms considered. 

Limitations of algorithms 

A large interest in this dissertation was to gain understanding of the limitations 

of these previously written algorithms. An understanding of the proper opera

tional range of algorithms is of paramount importance in the determination of what 

algorithm to use to calculate the response of a particular geophysical target geome

try. Specifically, operating frequency, target conductivity, electrical target size, and 

ground electrical parameters all affect the algorithm choice. Complete delineation 
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of algorithm range is difficult due to the many model parameters involved, and due 

to the inter-dependence of these parameters. A general discussion of the practical 

limitations of the algorithm used in this dissertation is possible, however. 

The obvious geophysical limitation of all the algorithms considered is a lack of 

frequency dependence (or time dependence in TSAR) in the model's constitutive 

parameters. Thus, without a frequency dependence of the modeled ground's con

ductivity and permittivity values, a new model, consisting of new ground parameter 

values must be created and calculated for every operating frequency of interest. This 

technique of obtaining the correct frequency-dependent model solution is more time 

consuming that it should be, and could be resolved in the algorithm implementation 

by allowing the specification of frequency-dependent parameters. 

Limitation of TSAR 

The forced stability condition which is implemented in the TSAR algorithm auto

matically chooses a time-step by which to propagate the time-domain wave-form 

through the meshed workspace. This automatic time-step choice limits the low 

frequency content of the transformed solution. This is apparent when it is real

ized that a short time-step used to satisfy the stability conditions will allow the 

excitation wave-form to travel only a short time before it travels to the edges of 

the workspace. Since the wave-form impinging on the edges of the workspace are 

not completely absorbed by the absorbing boundary conditions (this is because the 
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impinging wave-fronts are not usually completely planar and at normal incidence 

with the work-space edge), some of the excitation wave-form is reflected back into 

the mesh. This reflected energy increases the noise level of the solution. Since 

low-frequency solutions require late-time time-domain data, the noise levels in the 

late-time data will eventually completely mask the desired low-frequency component 

of the solution. To try to extend the time before the reflected energy disrupts the 

solution, the workspace can be extended to give TSAR more cells to step through, 

thus extending the time for the collection of the wave-form before the inclusion of 

the reflected wave-front, but this becomes computationally very expensive. 

The use of cubic cells make the modeling of small targets, and thin targets buried 

relatively deep, difficult. This is because to model a small or thin target, small cubic 

cells need to be used. To model the small or thin target at depth, many small cubic 

cells need to be modeled, which makes the model computationally expensive. Cubic 

ceils also leads to large meshing errors when trying to model small non-cubic targets. 

Also, the FDTD method as implemented in TSAR does not do particularly well 

modeling high contrast targets. The reason for this is due to the discontinuity of the 

wave-form £is it travels from one medium to another largely contrasting one, and the 

large differences in the propagation velocities in the two very different media. Also, 

skin-depth considerations play a role: The FDTD algorithm calculates the resulting 

wave-form as it propagates through a cell. If the skin-depth of the cell material 

allows the current to flow only on the surface of the cell, substantial computation 
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errors will arise in the FDTD solution. 

The TSAR algorithm only has medium conductivity (o-) and medium permit

tivity (e) implemented. The effect of magnetic permeable material is not taken into 

account with TSAR at this time. This does not greatly impede the functionality 

of TSAR since this algorithm is better suited to calculate volumes, and thus does 

not do well when calculating the response of highly conducting material such as 

steel and other metallic objects where magnetic permeability is expected to have a 

substantial influence. Since magnetic permeability is usually not high in naturally 

occurring, weakly contrasting geophysical models, the lack of the inclusion of this 

parameter does not greatly impede TSAR's functionality in the geophysical context. 

Thus, the TSAR algorithm, due to the computational expense of calculating a 

workspace containing many cells, its stability limitation that affects the low fre

quency limits of its transformed solution, it's neglect of magnetic permeability, and 

its allowable target contrast range, can solve a restricted class of geophysical prob

lems. This class is bounded by problem geometry (distances, target sizes, etc.), 

operating frequency of the earth and targets. 

Limitations of NEC 

NEC's major limitations are the workable frequency range, which is controlled by 

the electric size of the wire segments modeled at the lower end of the operating 
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frequency range, and by the number of wire segments required at the upper end 

of the operating frequency range. As indicated through personal communication 

with NEC's authors [48], even though great care has been taken to preserve the 

integrity of the interaction matrix inversion, accuracy is lost in the inversion when 

the operating frequency of the model is so low as to make the electrical size of 

the wire segments so small that they make NEC's interaction matrix near singular. 

Near singular matrices lack stability in their inversion. 

On the upper edge of NEC's workable frequency range, the modeling guideline 

requires the modeled conductors to have ten wire-segments per effective wavelength. 

For electrically large conductive structures, or for structures analyzed at high fre

quencies, this modeling guideline soon becomes a constricting factor. 

As has long been known by NEC authors and users, the modeling of small loop 

antennas continues to be imperfect [48]. This is mostly manifested in the calculated 

input impedance of these small loops, but does not affect the radiated fields, and 

thus the currents induced on other wire segments greatly [48]. The calculation 

of negative antenna input resistances makes the design of electrically small loop 

antennas impossible, yet their use is allowed if this input impedance error is ignored, 

or if a little resistance is added to the antennas to stabilize their input impedance. 

NEC can include the effect of a homogenous half-space, and therefore can eval

uate buried targets. NEC cannot consider targets buried in layered or otherwise 
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heterogeneous half-spaces, however. This is a serious restriction in the geophysical 

context except perhaps when evaluating shallow targets where the heterogeneity of 

the half-space does not have a large effect on the calculated response. 

NEC does not take magnetic permeability of the half-space into account in its 

calculated solution. In the context of NEC's other limitations, this is not serious, 

and is offset by NEC's ability to model the target's permeability. 

Also, NEC's implementation of the half-space Green's function calculation used 

to include the effect of the conductive and dispersive half-space is not optimized 

for the geophysical solution. The error in the Norton/Sommerfeld approximation 

due to this lack of optimization can be as large as an order of magnitude [48]. This 

effect was first experienced in the intermittent success of NEC when modeling the 

response of subsurface targets. Thus, even though the NEC Norton/Sommerfeld ap

proximation theoretically takes into account the currents produced in a conductive 

half-space that can affect the expected response of a conductive target via cur

rent channeling, the implementation of the Norton/Sommerfeld integral solution, 

namely the calculation and interpolation of the solution look-up table, remains a 

source of substantial (and intermittent) solution error. Large errors in the Sommer-

feld/Norton interpolation implementation are expected when the target deviates 

greatly from the buried wire geometries commonly found in the monopole antenna 

ground-plane models. Notably, large errors can be expected when the buried wire 

segment is buried deep within the half-space and the source/sensor antennas are 
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modeled directly above the wire segment of interest [48j. 

Limitations of EMlDSH 

The limitations of EMlDSH cannot be totally stated as the algorithm is still young 

and as such is still going through corrections (while EMlDSH was being used for this 

work, errors in the algorithm were still being found and reported to the authors [57]. 

The solutions calculated with EMlDSH are remarkably stable and reproduce field 

data well. Implementation limitations exist in the dynamic range of the sheet target 

contrast (from experience, the conductance contrast between target and background 

cannot be greater than about 10®), but it is believed that this limitation is found in 

the algorithms implementation and not in the fundamental mathematical method, 

since for very large contrasts the compiler indicates a numerical overflow. Thus, 

this dynamic range limitation could conceivably be removed. 

The use of sheets to model solid targets conceptually remains limited to the 

analysis of the target's induced currents along the planes modeled by the sheets. 

The sheet models can often be adapted to calculate the majority of the target's 

induced currents, and thus yield correct calculated target responses. Nevertheless, 

this 2-D analysis of the target's induced currents is seen as a limitation to the 

application of EMlDSH to the general 3-D geophysical problem. 
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Further work 

The pre- and post-processors associated with TSAR were constructed to run on 

specific platforms, with specific graphical libraries. Specifically, TSAR's automatic 

meshing algorithm and the CAD package it requires were shown to be compatible 

with the SUN Sparc and Hewlett-Packard workstations. The generation of TSAR 

model results would be made faster if its preprocessors where adapted to run on 

faster platforms. It is believed that this would be an exercise in software installation 

rather that a change in the algorithms. 

Also, more analysis is required with TSAR: The quantitative eff"ects of the mesh

ing errors, that is, trying to model small non-cubic targets with a cubic mesh, is 

not well understood in a FDTD algorithm such as TSAR. 

An obvious area that needs further work is the optimization of NEC's Green 

function implementation so that errors in the calculated response of buried targets 

can be reduced. The basic NEC algorithm is more that 15 years old, and was first 

written when computer processing speeds were such that real sacrifices to accuracy 

or generality were needed to make the calculations of the algorithm solutions timely. 

With the advent of very fast personal computers, this situation has changed. The 

NEC algorithm could be re-engineered to yield more accuracy and more generality 

and still calculate timely model solutions. 

Finally, further evaluation and correction is required from EMlDSH, which is 
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still relatively new. Also, the consideration of ground and target permittivity {e) 

and permeability (fx) should be implemented. When calculating the high frequency 

response of geophysical targets, the permittivity and permeability of the ground 

and target play a significant role in the target response. 
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Appendix A 

Analytical solution of the fields of a magnetic 

dipole in the presence of a conductive and 

permeable sphere 

These quasi-static solutions for the response of a conducting and permeable sphere 

to a magnetic dipole excitation are compact enough to have been relatively easy 

to implement. Analytic solutions were published by Wait [58]. Lodha and West 

[40], and Nabighian [55]. Without a re-derivation, the analytical solutions can be 

transcribed from Lodha and West. The field components scattered from the sphere 

due to a radial dipole are given as 

m °° 
R^' = -T^ + iyn)-, + 1)P„(C0S(9), 

47r (rro)"+^ 
(19) 

^is) -  + ̂ 2/") (20) 

and =0. (21) 

The field components scattered from the sphere due to a tangential dipole (in 
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the same axial plane as the receiving dipole) are given by 

°° ,.(2n+l) 

= 17§(^n + Z2/n)^;;^nP„'(C0s9), (22) 
n=l  

,(2n+l) 
^ ^ zyn) n^PnicOsQ) - -^(cot 0)P„^(cOS 0) , (23) 

and = 0. (24) 

Finally, the scattered field components due to a tangential magnetic dipole or

thogonal to the receiving dipole, not considered by Lodha and West because of their 

airborne EM survey context, can be transcribed from Grant and West [39] from the 

original derivation. 

= 0, (25) 

= 0. (26) 

and = 
mgi_ 

•In 
+ l y n )  

n=l  

n 

(tq)""^'^ n 1 
{csc9)P^{cosO). (27) 



where 

=  r , 9 , < p  components of the secondary field due 

to the sphere 

mr,mg||,mgx = radial and tangential components of the ex

citing magnetic dipole 

ro = distance of the source magnetic dipole 

r = distance of the sensor magnetic dipole 

d  =  angle between r and TQ 

a = radius of the sphere 

n = summation (multipole) index number 

P„(cos0) = Legendre polynomials 

P^{cosd) = associated Legendre polynomials 

{ l J . o / 2  - (n + I) • n)In+i/2ikcL) + 

X n  + l y n  4. n^)/„+i/2(A:a) + fioKar^_^_^^2^ k a )  

where fj. = permeability of the sphere 

Ho = permeability of free space, 

= iapLuj 

G = conductivity of the sphere 

jj = angular frequency 
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^n+i/2 = modified Bessel function of the 

first kind (and of order n+1/2) 

^n+i/2 ~ derivative of the modified Bessel function 

To obtain enough terms in the series to assure convergence, the modified Bessel 

functions of fractional order were calculated using an asymptotic approximation for 

large arguments and order [59]. With this asymptotic approximation implemen

tation, an arbitrary number of terms in the series was able to be calculated with 

the necessary accuracy when the sphere was assigned high values of conductivity. 

Thirty terms were kept in the analytic series solution, a number found ample by 

iterative comparison as well as by Lodha and West [40]. 
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