Modélling of complex electromagnetic tar gets using advanced non-linear approximator techniques
I. R. Murray*, C. Alvarez and R. W. Groom, PetRos EiKon Incorporated - Abstract, SEG, 1999

Summary

The development of rapid O(N) numerical techniques, initiated by the pioneering of the Localized Non-Linear (LN) Approximator

in 1993 (Habashy, Groom and Spies[1]), offers many possibilities for the simulation of realistic electromagnetic situationsfor awide
range of applications. Very rapid calculation times combined with minimal memory requirements offer the potential to simulate more
complex and thus more geologically meaningful models. We have experimented with many developmentsin LN techniques, including
extensions to inductive modes, multi-body problems, time-varying magnetic effects and polyhedral primitives. Here we will
summarize our work with the LN algorithm and these extensions.

Introduction and Background

To simulate three-dimensional electromagnetic scattering in the earth, either differential or integral equation techniques areused. In
terms of thelarge and often ill-conditioned matrices that must be generated and solved, the difficulties arisingin standard approaches
are well known. This was the impetus behind the initial development of the Localized Non-Linear (LN) Approximator (Habashy,
Groom and Spies [1]).

Whilethe early developments of the LN technique indicated the tremendous potential of the method, theorigina formulation provided
only what is sometimes called the Acurrent channelling@response. By deriving the magnetic field from theinternal electric currents,
inductive responses were poorly estimated (Murray [2]). Thislimitation is, however, common to most electric field formulationsand
is therefore a serious impediment to their use in mining and environmental applications.

Theearly LN technique provided excellent representations of full waveinternal field scattering for secondary galvanic responsesinthe
case of a single spherical scatterer. The algorithm was later extended to right rectangular prisms of arbitrary aspect ratio (Groom,
Walker and Dyck [3]) providing the Abuilding blocks@for more realistic and complex models. To fully implement the LN algorithm,
techniques were required to handle multi-body interactions. Then, for awider range of models to be tractable, amore amorphoustype
of scattering primitive was required (a non-convex polyhedron) and the inability of the technique to model inductive responseshad to
be addressed.

In mining and environmental applications, conductivity is not always the only factor governing the response of anomalous bodies.
Although, the original LN technique considered variations in conductivity and electrical permittivity, magnetic (susceptibility)
variations can also play a role. Algorithms which can tolerate simultaneous variations in all electrical properties are extremely
important for many geophysical applications of electromagnetics.

Thetask of this paper isto first explore the theoretical extensions of theoriginal LN technique to inductive modes, to multiple-body
interactions, to magnetic effects and to polyhedra. We shall then illustrate the importance of all of these concepts in examplesarising
from data interpretation studies.

Inductive modes ( ILN technique)

As mentioned, the LN approximator is only accurate within the regime of current channeling, or when so-called galvanic effects
dominate the electromagnetic response.

The LN Approximator estimates the internal field inside regions of anomalous conductivity by assuming that at a given observation
point, only thelocal value of thefield isimportant, and this value (which is unknown) is extrapolated acrossthetarget. Of course, the
LN technique is accurate only when the local gradients (and higher order derivatives of the internal field) are truly insignificant.
Certainly, for astrong inductive coupling of source and scatterer, the effects of the field gradients are of importance, and in such cases
the LN approximation will be inadequate.

According to Maxwell=s equations (in a non-homogeneous medium) EM fields E(r) and H(r) and sources J¢(r) and M (r)
arerelated by



OxH=[o-iwe] E+ Js (D)
OxE=iwuH+ Ms 2
assuming an e'i“Jt time dependence. The medium is characterized by the electromagnetic properties £, U and O . If weassume

(inthis section only) that the magnetic permesability LI is constant throughout the medium, then we can take the curl of Eq.(2) and
use Eq.(1) to obtain

OxOXE= iwy,[0-iwe]E+iwu, Jst UXMs  (3)

If the scatterers are embedded in a host medium which is homogeneous and nonmagnetic, the solution of Eq.(3) can be expressed in

terms of the usual dyadic Green=s function 6 related to the homogeneous background as

E(r) = Eu(r) + fdr' G(r,r')* Q(r)E(r) (4)
OxOxEp-kiEp= 10y s+ OX M,
where E,(I) is the response of the impressed sources in the host medium. Theintegral in (4) is over the support of Q(I), the
contrast in material properties between the scatterer and the host, which is purely electrical in the present context, i.e.,

QN =iw[a'()-o'] + w’ U [£(N) -]  (5)
If the contrast Q(r) is uniform over the scatterer, then formally taking spatial derivatives of Eq.(4) yields, in a shorthand notation

0 E=0g+Q0fdr'G+E (6)
where the gradient operator [] = [1,00] = [1,0/0x9/dy0/0Z] . By Taylor expansion we have

0 E=0 Ex+ QO [ar' G+ [E(N+DEC)(r-1]  (7)

which can be written as a set of equations in the form

lo hTmoR]) L. ®

Vi and F; are three-space vectors and T_Il are 3X3 matrices. Hence, Egs.(8) constitutes a 12X12 linear system in the

unknowns \/; , i=1,2,3,4. The tensorial expressionsT;  are functions of the geometrical and electrical properties of the
scatterer, and of I' and (U . They are semi-analytic in nature, expressible as a combination of analytical and numerical quadratures.

—1 =
Notethat T, = [" isjust the LN tensor of [1].

M ultiple inter actions

In electromagnetic scattering studies, a typical model is a single uniform (conductivity) anomaly. However, an isolated scatterer is
often insufficient to represent actual geology and in such cases, the superposition of responsesis only valid for multipletargetswhich
are sufficiently spatially separated.

For multipletargets, the effect of interaction (tofirst order) can be calculated as follows. Consider amodel of two structuresin some
proximity, and imagine areceiver at alocation internal to thefirst anomaly. Thereceiver is energized with the host field (thefield in
the absence of both scatterers) plus a first order backscatter from the second structure and vice versa.

This analysis is first-order; in reality the interaction series is infinite. However, evaluating more than the primary backscattering



contribution is computationally expensive and often unnecessary. In particular, a converged seriesis necessary when thetargetsarein
close proximity (and it isin this case where many numerical techniques often fail) but the LN algorithms already haveaunique sense
for this interaction: current is obliged by the technique to flow between the structures.

To put these concepts on a firmer foundation, consider calculating the scattered field for acollectionof N conductivity anomalies
(for the sake of argument, multiple LN prism scatterers each with uniform electrical properties). Treated separately, the LN
approximation [1] says that the internal field inside prism | is

EOrELTaQoT Y , TV0f,dnG

For the collection of prisms, it is consistent with the LN approximation that for a point inside the aggregate structuretheinternal field

is given by
E{D N oop
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The scattered electric field is then represented as
n
= = Ny 1
ES: z Iv(i)dr Go[ I _ ZT:]_Q(J)[(J)] E(t;) (9)
i=1

When targets are in close proximity, it is more persuasive physically toreplace Q(i) with QG) insidetheintegral in Eq.(9). This
would then give the secondary field as
n

= = -1 .
- ' [ =()
Esnve= 2 Jyo dr'Ge [1- Q(I) 2?:1 L ] EY (10)
i=1
This multiple scattering technique is termed Near Field interactions, and represents continuous current flow between scatterers.
Although an approximation, it has proven effective in representing data in these situations.

There are other ways to incorporate multiple scattering. For instance, the field interior to the ith object can be approximated via
n
D 1. AO=01 — —q P~ i
E’[1-Q L]= EQ+ ¥ fyodr'Ge =
[
(where the terms in the summation can be considered as secondary sources) or
i) — = i n '~ i
E(I)_ r [ Eg)+ ZJJti IVU) dr' Ge E(J)]
giving the expression for the scattered field under single scattering, which we term Far Field interactions:
n

Esrr= z j\,mdr'i 6(rar'i )' F(i)
i=1

c[ED+ ZT;ti Jyodr'; 6( rir')e FG) EY] (11)

Note that without the internal summation in Eq.(11) the result is simply the superposed scattered field, that is to say



n
— 1=y =0
Ese= 2 Iv(i)dr Ger EY (12
i=1
is the response of the combined targets in Superposition.

M agnetic effects

In Maxwell=s equations (1) and (2), when we allow a contrast in permeability, we cannot (profitably) takethe curl of Eq.(2) asinthe
Inductive Modes section. If thescatterer is only magneticCor only permeability contrasts play arole, asin static (DC) magneticsCwve
can by analogy take the curl of Eq.(1) and use Eq.(2) in an equivalent procedure. For simultaneous variations in conductivity,
permittivity and permeability, we require a new approach.

Assuming the host medium has constant parameters g, , £, and U, , we rewrite Egs.(1) and (2) as

OxH= Og E+g,E+ Js (13)
OxE= Oy H+p H+Ms  (14)
and define
Aog'= 0 -gp=[0-iwe] -[gn-iwep] = A0 -iwe
Ap = p-py=Tlieu] -[iwp,] =iy
Q"= vy
Q"= wAc

H=HotH:, EZEtE

We now decompose the fields as

where the four quantities satisfy

OXHo= gpE-+ Js (15)
OxH.=Ag [Eo*+ E-]+0bEo  (16)
OXEe= HyH++ Ms (17)

OxE=Ap [Hot H-]1+Ho  (18)
sothat Hqo and Eq have the familiar solutions
Ho= HS+[dr'G+Q"H (19
Eo= Es+[dr'G-Q°E  (20)
OxOxHg-kiHo= Ox Js
OxOxEg-ks Eo= O XMs
Egs.(19), (20) arenot yet expressed solutionsfor H and Eg , sincethereisstill adependence on the unknown gquantities H « and

E+ . Wederive similar solutions for these fields, as
H.= HP+(L)'Ox[dr'Ge QS E (21
E= B +(gp)'D XJdr’E-QH H (22)
HP= (O ES- Ms) H
E°=(0xHg-Js) oo



To proceed, we assume that the LN approach [1] is valid for the response ( inductive modes are in development). In this context,
Egs.(19,(20) are approximated by

Ho=Ho+ EH H, Eoc=Es+ EEE (23)
with

=rdr'GQ", "= fdr'GQ"

Similarly, Egs.(21) and (22) can be written as
E-=E’+ |:3HH , H-=H2+ EEE (24)
where we have introduced the new tensors
P =(0}) 'O x[dr'GQ", B =(4, ) DxJdr' GQ*

The physical field approximations are then obtained by summing Eqgs.(23) and (24), yielding

E=g,z+ [ E+p H (25)

H=H,+ | H+p E (26

Ev= Ec+ E’, Hp= Ho+H~

In terms of the LN scattering tensors

-1 -1

—=H = _ =E = _
r=[0-g'1»F =111
we can rewrite Egs.(25) and (26) as

—E —H

E=T pH+T E (27)
H=T P E+TF Ho (29

Substituting (27) into (28), we obtain

H= " [T HotT P T Bl (29
—H -1
p |

E

—H_ = —y —
M _[I'FH PE

=

Polyhedra

The LN theory (and its extensions to inductive modes, multi-body problems and permeability effects) isindependent of scatterer or
primitive geometry. It isonly in the implementation where the geometry of the scatterer plays asignificant role, particularly, in the

evaluation of the scattering tensors (T; operators which include the [" tensor). This is mathematically non-trivial for even the
simplest primitive geometries. Our present developments allow the specification of a (generally non-convex) polyhedral anomaly.

M odel Results and I nter pretation

The examples arise from an interpretation study of time domain data collected in northern Quebec. The simulation is for a base
frequency of 15Hz, with data channels in the off- time. The exploration targets are massive (or disseminated) sulphide ores embedded

beneath large northerly dipping peridotite structures hosted in volcanic sediments (700 Q.M at surface). Theloop is to the south of
the peridotite structure.

The ILN technique is needed to model the sulphide ores. Figure 1 shows comparisons to a thin-sheet model (Walker and West [4])



measuring 400 M squareat 25 S. Comparisons are good with expected variations caused by enhanced current channdling fromthe
prism model.

The dipping peridotite structure has a weak conductivity contrast and so responses are mainly current channeling. Two
criteria effect the responses of the peridotite. First, the structures have the potential to be magnetic. Figure 2 compares the non-
magnetic response of a large 10 Q.M peridotite to another with k=1. The enhanced edge effects are from the magnetostatic
responses to time-varying incident magnetic fields in the off-time. Second, the host material has a sharp conductivity increaseat 350

M . The peridotite plunges into the basement and continues to be excited latein time by the slow outward and downward migration
of current. This excitation, at depth, causes migration of current to thetop of the structureresultingin slow decays along theprdfile.
To provide the right physical interactions within the body, the peridotite prism is split into two polyhedra at the discontinuity and
Near Field interactions utilized between the polyhedra. Only this interaction provides the long tails and slow decays observed in data.

The sulphide ore model is incorporated into the combined model and the effects of the ore in contact with the peridotite are
investigated. Far Field interactions simulating lack of contact and Near Field interactions simulating éectrical contact will be shown.

Conclusions
Extended developments of the LN technique have proven to be extremely fruitful in the interpretation of real data.
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