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Abstract. The process of interpretation of electromagnetic data has many facets of which fast approx-
imate interpretation techniques is an intriguing one. A new variant of the Born approximation — the
Adaptive Born approximation — is presented and exemplified through 1D and 2D imaging tech-
niques for transient electromagnetic data. The Adaptive Born approximation is generally applicable
in approximate inversion schemes for inductive electromagnetic data as a one-pass imaging algo-
rithm. Though it is as simple to use as the ordinary Born approximation, it offers a more accurate
inverse mapping.

In thefirst part of this paper an attempt will be made to give an overview of fundamental concepts
in electromagnetic subsurface imaging relevant for approximate inverse mappings and to outline
major trends in present day modeling and inversion of electromagnetic data. This is of course an
impossible task — certainly for this author — and much important work will not be mentioned in the
limited space of the following. My apol ogies to the people who are not mentioned and whose research
is not given credit here though it should have been. Naturally, my choice of references reflects the
“schools’ and circles | have been subjected to, but | hope that the list of references to developments
in electromagnetic methods will point to papers of importance and thereby to other references for the
interested reader.
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1. Introduction

1.1. IMAGING

The term imaging has been used in many different contextsin geophysics. Some-
times it is used to generally indicate interpretation of geophysical data. However,
| think the term should be reserved for fast approximate ways of interpretation of
data, so imaging could be defined as “ an approximate inverse mapping of datainto
amodel”.

The concept of imaging is central in geophysics as in any science. Imaging
meansto produce apicture or aconceptual model of something. Itisno coincidence
that the term refers to the visual sense which is the one through which humans
are capable of handling and sorting the largest amount of information. Seeing is
believing, and a picture is worth a thousand words, to quote a few bon mots. Long
rows of numbers do not produce the same qualitative understanding as curves,
plots, contoured maps of certain parameters, model sections, depth dlices, etc.

In electromagnetic methods in geophysics there are many levels of imaging.
The most simple kind is the transformation of data into an apparent resistivity or
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conductivity curve which will give a qualitative understanding of basic character-
istics of the subsurface conductivity distribution. Beyond the level of mere data
transformation there are a number of imaging methods which rapidly will give an
approximate interpretation of the data set. These methods are important for in-field
processing and they make it possible to change data recording strategies while
measuring. Many of these methods are based on a one-dimensional (1D) earth
model and must necessarily be fast. On a still higher level we find the methods
which involve a 2D or 3D earth model, but which are dtill so fast, that they can
be applied to large data sets as a standard processing procedure. Though slower
than the simple 1D methods their advantage is the removal of the lateral effects
of 1D imaging of data recorded over 2D and 3D structures. These methods serve
to identify the subsets of the data volume where interesting anomalies are present
and where rigorous but much more time consuming inversion procedures should
be used.

To understand imaging in the context of interpretation of electromagnetic data,
let uslook at somebasic concepts of el ectromagnetic methodsin applied geophysics

1.2. RESOLUTION

The propagation of electromagnetic fields through the subsurface is governed by
the Maxwell equations (Ward and Hohmann 1987). These equations describe all
electromagnetic phenomena through three material constants: the magnetic per-
meability p, the electrical conductivity o, and the electrical permittivity e. Most
electromagnetic methods of applied geophysics make use of signals with frequen-
cies, w, so low that o > we for most earth materials, and so conduction currents
dominate over polarization currents. Thismeansthat the quasi -stati c approximation
to the Maxwell equations can be used. For most geologic materials the magnetic
permesability does not vary much, and so for most electromagnetic methods the
electrical conductivity o is the governing parameter. This means that the propaga-
tion of electromagnetic fieldsis described by the diffusion equation. This accounts
for the inherent lack of resolution of electromagnetic measurements.

Our most immediate personal experiencewith aphysical phenomenon described
by the diffusion equation is the conduction of heat through solids, e.g. our own
bodies, and with this picture in mind of the unfocussed and passive nature of the
conduction of heat, it is easy to understand why electromagnetic methods have so
poor resolution capabilitiesasisthe case. It isvery difficult to hold someone' shand
to warm just the index finger. The whole hand — at least — tends to get warm.

High frequency methods like radar and photometry in the visible frequency
spectrum are governed by the wave equati on and thus have amuch better resol ution.
However, with increasing conductivity the attenuation of the fields increases, and
often earth materials have a conductivity which precludesthe use of high frequency
methods for investigations to depths exceeding a few meters. The whole field of
georadar shall not be mentioned further in this paper.
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In recent years very early-time transient equipment (VETEM) and high fre-
guency sounding equipment have been under development (Pellerin et al. 1994,
1995; Stewart et al. 1994; Anderson 1995) in which frequenciesabove 10 MHz are
used. For such measurements both diffusion and wave propagation isinvolved and
both must be taken into account.

1.3. COMPLEXITY AND DESCRIPTION

Those of us occasionally digging the garden would probably agree that nature is
amess. All sorts of matter with very different properties are jumbled together to
form our back yard. And the problem is not confined to the scale of a shovel.
Many outcropping rocks look as if they were put together from whatever bits
and pieces were at hand, which is exactly what they were, | suppose. The world
is inhomogeneous, anisotropic, displays both slow and abrupt changes, and is —
fortunately — full of surprises, and behind any of our attempts to harness naturein
scientific descriptionsis the unruled and basically indescribable complexity of the
universe.

Though physical laws are believed to fully describe natural phenomenain all
their complexity (until otherwise proved), the question of numerical solutions and
computations puts a practical limit to the degree of complexity with which we can
quantitatively describe natural phenomena. We are forced to adopt a simplified
model of nature. The history of the development of electromagnetic geophysical
methods is the history of the increasing complexity of the models with which we
try to describe — at least — the major features of the subsurface.

Two aspects are of major importance when the level of complexity of a phys-
ical model is considered: its computability and its relevance. This means that the
model must be simple enough that responses can be calculated within a reason-
able time with the numerical methods at hand, yet complex enough to adequately
describethe features of nature in which we areinterested. Due to the complexity of
electromagnetic phenomena the geophysical models which have lent themselves
to computation have for a long time been quite inadequate to describe the com-
plexities seen in the collected data, but simple models have nevertheless served
their purpose well in illustrating fundamental characteristics of electromagnetic
phenomena.

With the development of powerful modeling and inversion techniques through
major improvements in computing speed and efficiency of programming codes
another aspect of the modeling problem becomesincreasingly important: the prob-
lem of relevance. Thereisno point in having a model with details which cannot be
resolved by the measured data of the particular geophysical method used.

Electromagnetic geophysical dataare—like all measurementsof physical quan-
tities — inaccurate, inconsistent and insufficient (Jackson 1972) for their purpose,
i.e. for inferring the subsurface conductivity. Recorded data are inevitably sampled
more or less sparsely in space and time and are thus aliased. Moreover, the detected
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signal always contains noise. The computerization of electromagnetic field equip-
ment and an inventive application of both analog and digital on-line processing
has contributed significantly to the accuracy of measurements and noise reduc-
tion (Eaton and Hohmann 1987; Macnae et al. 1984; Becker and Cheng 1987)
and improved the extremely important quality assessments of the recorded data.
It is of primary importance for inversion of electromagnetic data that quantitative
measures of the reliability of the data can be given.

With enhanced modeling and i nversion capabilities more attention must be given
to thefact that to justify the use of modern interpretation toolsinvolving 2D and 3D
models a densely measured data set over a considerable areais required. With the
recent developmentsin interpretation tools there isin many ways a " measurement
gap” between the data sets which can be interpreted — and which are required to
justify the interpretation method — and the data sets actually recorded. Much effort
should be — and is in fact — directed towards the development of cost-effective
electromagnetic methods which will perform a much denser sampling in space
and time of the measured field quantities. These methods will produce the more
detailed and complex data sets, which demand — and justify — the use of more
complex models of interpretation.

With airborne EM methods densely measured profiles have been recorded for
some time and airborne methods are in rapid development as far as accuracy and
the number of recorded field components are concerned. Also within the field of
environmental geophysics modern efficient equipment has been invented and afew
examples shall be given here. New continuous methods have been developed for
geoelectrical profiling (Serensen and Sarensen 1995; Sgrensen 1996a). Along the
samelines an equipment for continuoustransient el ectromagnetic measurementsis
being devel oped (Serensen and Effersg 1995). For logging purposesthe Ellog meth-
ods offers a very detailed electrical and gammalog and water sampling (Serensen
1989, 1994) and a similar hollow auger based equipment is being developed for
in situ determination of the hydraulic conductivity (Dam et al. 1996, Effersg and
Sarensen 1996). The integrated use of these novel methods have made detailed
regional hydrogeophysical investigations economically feasible (Christensen and
Sarensen 1994; Sgrensen 1996b; Christensen and Sgrensen 1996).

2. Modeling of Electromagnetic Responses

Within the last decade 3D electromagnetic modeling has become state of the art.
The geophysical community has seen an extremely rapid development in model-
ing capabilities with different approaches, the most prominent being the integral
equation method (IE), the finite difference (FD), and the finite element (FE) tech-
niques. | E codes have mainly been used to model the responses from finite bodies,
whereas the FD and FE codes have been developed for general varying subsurface
conductivity. All methodsrequire the solution of alarge system of linear equations,
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and the increase in computing power and efficiency of the routines have been the
main contributing factors to the improved modeling capabilities.

Thedevelopment in EM modeling can befollowed from classical papers(Raiche
1974; Weidelt 1975; Hohmann 1975) until the present day. A review of IE methods
has been presented by Hohmann (1987) and Raiche (1994). New developments
in frequency domain codes have been presented by Mackie and Madden (19933,
1993b), and Mackie et al. (1994) for the magnetotelluric (MT) problem. Newmann
and Alumbaugh (1995) and Alumbaugh et a. (1995) have developed codes for
controlled sources running on massively parallel computers. All these codes have
applied a coupled first-order difference scheme for Maxwell’s equations based on
a staggered grid. Lee and Xie (1995) present a second-order FE method for the
magnetic field.

Time domain solutions for general inhomogeneous media have been presented
by Leeet d. (1990), and Wang and Hohmann (1993). Wang and Tripp (1994) have
extended the latter code to include displacement currentsto model very early time
responses.

Important elements of the improvements obtained have been the application of
the conjugate gradient method (CG) to solve the large systems of linear equations,
and the use of the perfectly matched layer boundary condition (Berenger 1993)
has contributed decisively to the handling of boundary effects and reduction of
the number of unknowns by reducing the grid size. Wannamaker (1991) presents
improvements in the calculation of the Green’s functions associated with 3D EM
modeling. Qian and Boerner (1995) have presented interesting studies of the use of
higher order basisfunctionsused in | E methods based on the work of Hanneson and
West (19844, 1984b) and Walker and West (1991). Slob and van den Berg (1995)
advocatethe use of appropriate basisfunctionsto facilitate the transformation from
Laplace domain to time domain in their |E time domain code.

Recently, analyses of an “extended” Born approximation have been presented.
The term “extended” indicates its extended range of validity as far as frequency
and conductivity contrasts are concerned. The extended Born approximation is
formulated through an integral equation for the electric and magnetic field, and the
approximation is obtained by expressing the scattered field as product between a
tensor and the backgroundfield (Habashy et al. 1993, Zhdanov 1996). The extended
Born approximation is a promising new strategy of approximate forward mapping
and it also has the potential of being used in a fast two-step inverse procedure
(Torres-Verdin and Habashy 1994, 1995) to yield subsurface conductivity. The
price paid for the superior performance is that it is more time-consuming and
reguires more involved programming than the simple Born approximation.

A large number of codes in the geophysical community, each one with its
strong points and weaknesses, have been reviewed by Smith and Paine (1995).
The development of these codes have served extremely important purposes. It has
brought new insightsinto the dynamics of EM fieldsin the earth and they will serve
asreference programs and bench marksfor subsequent devel opment of approximate



482 NIELSB. CHRISTENSEN

but much faster codes. For practical purposes—and certainly when inversion of EM
datais considered —the coming years will see many ingenious approximations and
shortcuts to reduce computation times considerably while maintaining the main
features of the correct solutions. The poor resolution capabilities of EM methods
makes it unnecessary for practical purposes to model details of EM responses,
which cannot be measured, or to include model characteristics which cannot be
resolved.

3. Inversion of Geophysical Data

For some reason all physical laws stated in the wonderful shorthand language
of mathematics are formulated “forwards’, i.e. if we know the distribution of
physical parameters in space and time, the solution of the equations governing the
phenomenon will alow usto predict the result of a particular measurement.

This state of affairs seemswell suited for omniscient beings, whose job it is to
unfold the universe. However, when we as humanswant to increase our knowledge
of the subsurface, we want to find the distribution of the subsurface conductivity
from a set of measurements of electromagnetic fields from natural or artificial
sources. We have the opposite of the forward problem: an “inverse” problem. As
al our mathematical and numerical techniques are forward-formulated, there is
no direct solution to the inverse problem, and the only way to proceed is to solve
the forward problem for a number of distributions and then compare the predict-
ed data with the actual measurements to see which distribution most faithfully
reproduces the measured data. Basically, all the intricacies of geophysical inver-
sion are designed to do just that: choosing the sequence of forward calculations as
intelligently as possible to minimize the computational burden.

“Geophysical inverse problemsareusually non-linear, ill-posed, and often large-
scale’. This is the opening statement of the paper by Oldenburg and Ellis on
Approximate Inverse Mapping inversion (1991) and summarizes precisely the
difficulties of geophysical inversion. However, the paper does present some very
encouraging ideas about geophysical inversion.

By nature electromagnetic problems are non-linear and a popular way to attack
the inversion problem has been to linearize the problem and solve the inverse
problem iteratively. Only in the case of the low frequency approximation to induc-
tive measurementsis the apparent conductivity alinear function of the subsurface
conductivity.

The source of the ill-posedness lies in the limited resolution capabilities of
electromagnetic measurements, the fact that geophysical data are spatially and
temporally aliased and corrupted by noise, and in inconsistencies between data
and the assumed simplified earth model. This means that a vast set of models will
equally well fit the measured data within the data uncertainty. Consequently some
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sort of regularization has to be involved in the solution of the inverse problem to
prevent extreme and geologically unrealistic models to be produced.

The large-scale nature of modern EM inversion problems arises because finely
discretized 2D and 3D models are now introduced to account for expected geolog-
ical complexities.

The numerical problems involved in solving a linearized inverse problem fall
in three categories: The calculation of the model response (the forward problem),
the calculation of the sensitivities, and the solution of a large scale minimization
problem expressed as a system of linear equations.

For 1D models the inversion problem is small-scale and involves rarely more
than 50 parameters. The 1D forward problem has been solved for some time
and an overview can be found in Ward and Hohmann (1987) and Boerner and
West (1989). Modeling and inversion of 1D problemsis very fast, partly because
very efficient algorithms have been developed for the calculation of the Hankel
transforms appearing in most of the field expressions (Johansen and Sgrensen
1979; Anderson 1979, 1989; Christensen 1990; Sarensen and Christensen 1994).
An overview of the magnetotelluric 1D inversion problem is given in Whittall
and Oldenburg (1990) and a more general overview of electromagnetic inverse
techniques can be found in Hohmann and Raiche (1987).

For 2D and 3D models the number of model parameters increases drastically.
2D and especially 3D forward solutions are considerably more time consuming
than 1D calculations and the large number of model parameters often makes it
prohibitively slow to calculate the true sensitivities. 2D and 3D models with many
model parameters produce large scale inversion problems which must be attacked
in a different manner for practical purposes, and a plethora of novel methods and
approaches to this problem has appeared in the geophysical literature. Excellent
overview papers have been presented in the last decades by Oldenburg (1990,
1994).

The inverse procedures suggested in the literature fall in two main categories.
Oneformulatestheinverse problem asaminimization problem of an object function
penalizing misfit between the model and some reference model, and/or some model
propertieslike smallness, flatness, smoothness, etc., subject to fitting the measured
datato some prescribed misfit (Oldenburg 1994). The other formulation follows a
statistical approach (Tarantola 1987), which expressesthe iterative solution as

Ax = [ATC.A +C, Y ATC, Ay (1)

where Ay isthe difference between the measured data and the last model response,
Ax isthe changein model parameters, A isthe matrix containing the sensitivities,
C. isthedataerror covariancematrix, and C,,, isthemodel covariancematrix. Both
of these formulations lead essentially to the same solutions, and the adherence to
oneor the other ismostly amatter of tasteand tradition (and belief?). | thefollowing
sections the latter shall be pursued.



484 NIELSB. CHRISTENSEN

One of the important realizations coming from analyses of the inverse problem
is that any approach to inversion carries with it the prejudice of the interpreter. In
the above formulation it becomes clear that the opinion of the interpreter entersin
the specification of the data error and model covariance matrices. This highlights
the aforementioned importance of having quantitative measures of data errors.
However, instead of regarding the specification of model constraints as a necessary
inconveniencefull of traps and pitfalls, interpreters should recognize it as a chance
of incorporating relevant geological apriori information about the model. In almost
any inversion situation something is known on beforehand about the geology being
probed, and this information should be quantitatively expressed in the model con-
straints. Jacobsen (1993) presents methods of pragmatic covariance specification
as a stacking of stationary processes, and Ellis and Oldenburg (1994) present an
approach with spatially varying model constraints. Unawareness of the above will
often lead to misconceptions and erroneous inversion results.

If model responses and exact or approximate sensitivities can be calculated
within reasonabletime, the magjor problem isthe minimization problem. One of the
promising approaches to large scale problems is the subspace method (Oldenburg
et al. 1993; Oldenburg and Li 1994) and the conjugate gradient methods. Recently
attention has been drawn to the fact that it is possible to incorporate model con-
straints in the conjugate gradient solution to large linear systems (Hansen 1992,
Hanke and Hansen 1993, Haber and Oldenburg 1996). These results seem very
encouraging for the solution of large-scale problems.

3.1. APPROXIMATE INVERSE MAPPINGS

As mentioned in the introduction, approximate inverse mappings (AIM) are of
great interest in themselves for anumber of reasons. However, the full potential of
AlMsisrealized in connection with accurate forward mappings to form what has
beentermed AIM inverse procedures (Oldenburg and Ellis 1991, Li and Oldenburg
1994). In the AIM inverse technique, which is based upon the availability of an
(adequately) exact forward model response defined by the mapping F', andan AIM,
F~1 the calculation of sensitivitiesis completely avoided.

Assuming that we have access to an accurate forward mapping — or one that is
sufficiently accurate for the purpose — the important factor in an AIM procedureis
the approximate i nverse mapping. We would like the approximate inverse mapping
to possess certain characteristics: 1) it is as accurate as possible, 2) it issimple and
fast, 3) it must be robust, and 4) we can in some way control the smoothness of
the modelsit produces. Evidently there is often atrade-off between 1) and 2). The
robustness of the AIM algorithm means that we would prefer it to be of the same
quality for all modelsrather than being very good for certain models but very poor
for others. The best way to ensure this is to make it in accordance with the basic
physics of the problem.
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In the case where the forward problem can be approximated with a linear
mapping, F', the approximate inverse can be defined by the solution to a linear
inverse problem. This means that all the usual regularization methods involved in
linear inverse problems can be brought into play, and it will be possibleto construct
an inverse which produces models with the desired qualities explicitly expressed
asmodel constraints.

A very interesting class of linear approximate forward mappings which will
define attractive inverse mappingsto be used in an AIM scheme can be constructed
using the Born approximation. By linearizing the exact forward mapping about a
model m?, we obtain the expansion

Plm) = Fn) + [ g(m®m)lm(x) - mO(e)]r + -+ @

where ¢ is the Frechet kernel and the ellipsis indicates terms of higher order.
Neglecting these, we obtain the approximate forward mapping based on the Born
approximation

Blm) = Fn®) = [ glm®;m)lm(x) - mO(w))dr. ©

Often the reference model is chosen to be a homogeneous halfspace. For the
homogeneous halfspace it is often possible to find analytic (or rapidly calculated)
expressions for the Fréchet kernel, and the use of the homogeneous halfspace is
equivalent to a minimum structure assumption with regard to the model, which is
often a reasonable choice.

The Born approximation works surprisingly well in many circumstances, e.g.
DC resistivity problems, where it reproduces the main structural features of the
subsurface conductivity (Loke and Barker 1995) but with alimited dynamic range
in conductivity. For trandational invariant problems (profile oriented data or data
on aregular 2D surface grid) the AIM of the Born approximation can be solved in
the wavenumber domain. This decouplesthe 2D (3D) problemsinto 1D problems,
one for each wavenumber (pair), and the solution is found by inverse Fourier
transformations of the 1D solutions. This approach is extremely fast and efficient
(Li and Oldenburg 1994; Mgller et al. 1996; Jacobsen 1996).

The ease of use and the good results obtained in many instances with the Born
approximation has inspired several researchers to develop a variant of the Born
approximation for which the term “Adaptive Born approximation” seems appro-
priate. It is as simple and fast to implement as the ordinary Born approximation
and gives superior results in inductive EM problems.

4. The Adaptive Born Approximation

Inthetraditional formulation of the inverse problem using the Born approximation,
the homaogeneous halfspace is often chosen as the background model, and conse-
quently the conductivity of the halfspace must be chosen. Dataare then given asthe
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difference between the measured data and the model s response of the halfspace for
the chosen conductivity, and the model to be found in theinversionisthe difference
between the model conductivity and the halfspace conductivity (see Equation (2)).
However, for inductive electromagnetic problems this relative formulation can be
shown to be equivalent to an absolute formulation, where the Fréchet kernel acts
as a weighting function for the subsurface conductivity (Gomez-Trevifio 1987a,
1987b). The absolute formulation removes the influence of the choice of back-
ground conductivity from the data and the model, but it does not ater the fact
that the Fréchet kernel depends on the halfspace conductivity and that it must be
calculated assuming a specific halfspace conductivity.

In the following a new type of approximate inverse mapping shall be presented,
where the Fréchet kernel of the simple Born approximation is scaled according to
the data. The central point of the approximation is that the Fréchet kernel is scaled
according to an average conductivity determined from a simple transformation of
the measurements, and therefore we shall call it an Adaptive Born (AB) approxi-
mation. Theinverseisas simple and fast asthe Born approximation, but is superior
in that the models produced are better approximations to the true models. The
principles behind the adaptive Born approximation can be used in both frequency
and time domain electromagnetic methods. However, for galvanic type electrical
methods it is identical to the simple Born approximation, as the Fréchet kernel of
galvanic methods does not depend on the conductivity.

A number of formulations of the 1D induction problem have led to approxima-
tions which are adaptive. The traditional Niblett-Bostick transformation of mag-
netotelluric data, which has found widespread use, is an example of an imaging
algorithm with adaptive character. In Gomez-Trevifio (1987a) and Gomez-Trevifio
et a. (1994) an integral equation is developed for the 1D magnetotelluric prob-
lem, and it is shown how the Niblett-Bostick transformation can be derived from
the integral equation formulation through an adaptive approximation, an approach
devel oped further in Esparza and Gomez-Trevifio (1996).

In the present paper an adaptive Born approximation shall be used in the con-
struction of an AIM of 1D and 2D transient electromagnetic data. However, the
principles are valid for frequency domain problems as well, and in most cases a
formulation for the frequency domain can be found by substituting “frequency”
instead of “time” and “skin depth” instead of “diffusion depth”. The development
hererelies on arguments based on the physics of diffusion of electromagneticfields
into the ground.

In the process of diffusion of transient electromagnetic fields into the ground,
the diffusion depth depends on the subsurface conductivity structure. For any time
of measurement this diffusion depth depends on the conductivity distribution from
the surface down to approximately the diffusion depth. A number of imaging
methods have been suggested, which are based on the variation of the diffusion
velocity with conductivity (Nekut 1987; Macnae and Lamontagne 1987; Eaton
and Hohmann 1989; Macnae et al. 1991). These methods are based on finding the
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depth to an equivalent current filament —an “image” of the source—asafunction of
time, from which the diffusion vel ocity and thereby the conductivity can be found.
The conductivity is then ascribed to a depth equal to the (scaled) image depth. In
Macnae and Lamontagne (1987) a number of such images are used instead of just
one. For the coincident loop configuration the paper by Smith et al. (1994) presents
an imaging method where the depth to the peak of the sensitivity function is used
as an equivalent depth.

Polzer (1985) presents a very interesting approach to the transient 1D inverse
problem. Instead of regarding the step response magnetic field asafunction of time,
Polzer regards time as a function of the magnetic field amplitude. The so defined
arrival time (or delay time relative to areference model) is shown to be much more
configuration independent and a much more linear function of subsurface conduc-
tivity than the step response. Thisformulation of Polzer is completely equivalent to
the 1D AB agorithm developed in the following as shown in Christensen (1995).

In the AB approximation one of the weaknesses of the simple Born approxi-
mation is recognized and circumvented. By assuming a constant conductivity of
the halfspace the slower diffusion through good conductors and the faster diffusion
through poor conductors is not taken into account. However, if we could find a
measure of the average conductivity for the subsurface volume involved in the
response at a given time, we could choose this conductivity as an “instantaneous”
conductivity of the halfspace for the calculation of the Fréchet kernel, whereby
the Fréchet kernel would more accurately reflect the physical diffusion process. In
Christensen (1995) it is shown that the all-time apparent conductivity based on the
transient step response is a good candidate for such an average measure. Thisis
intuitively clear, asthe all-time apparent conductivity is defined as the conductivity
of the homogeneous halfspace which would produce the measured response at the
giventime.

Not all definitions of apparent conductivity are suited for the purpose of scaling
the Fréchet derivative (for a thorough discussion of apparent resistivity in TEM
measurements see Spies and Eggers 1986). Figure 1 shows apparent resistivity
curves for a descending two-layer earth model using the late-time and the early-
time definitions based on theimpul seresponse and the all-time definition of the step
response. The much-used late-time apparent resistivity of impulse response mea-
surementsexhibits over- and undershoot which are not desirable and the descending
branch for early times does not reflect the near-surface resistivity. The early-time
apparent resistivity based on the impulse response reflects the true resistivity only
at times so early that it is of little use in most cases. The all-time apparent resis-
tivity based on the step response, however, has a desirable behavior with a smooth
transition between the true resistivities, and it coincides with the true resistivities
at early and late times.

Most TEM equipments measure the time rate of change of a magnetic field
component with aninduction coil after an abrupt turn-off of the transmitter current,
i.e. the convolution between the impulse response and the particular transmitter
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Figure 1. Apparent resistivity transforms for a 2-layer descending model with resistivity 100 min
the first layer, 10 min the second layer, and 50 m layer thickness. The true model is shown with the
thick curve. Curve (1) istheimpulse response early-time apparent resistivity, curve (2) isthe impulse
response late-time apparent resistivity, and curve (3) isthe step response all-time apparent resistivity.

waveform used. Itisthus necessary to cal cul ate the step response from the measured
convolved impulse response. Then, from the step response the all-time apparent
conductivity must be calculated, whichimpliesthat it must be uniquely defined. For
the central loop configuration which iswidely used for near-surface investigations,
wherethereceiver coil isplaced at the center of acircular or squaretransmitter loop,
thisisthe case. In the case of the coincident loop configuration, where the receiver
coil coincideswith the transmitter loop, it is possible to uniquely definean al-time
apparent conductivity from the impul se response. However, this definition suffers
from the same weaknesses as the central loop late-time apparent conductivity,
and also for coincident loop measurementsit is advantageous to compute the step
response. A method for finding the step response from the impulse response is
suggested in Eaton and Hohmann (1989) and Levy (1984). In Christensen (1995)
the step response is expressed as a linear combination of basis functions, and
the coefficients are found by solving a least squares inversion problem with the
convolved impulse response as data.

Inthefollowing an outline of the 1D AIM algorithm for transient measurements
is presented.
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Figure2. Thenormalized 1D Fréchet kerndl (l€eft) for thetransient step response of avertical magnetic
dipole for a homogeneous halfspace as a function of normalized depth. The unnormalized Fréchet
kernel (right) is calculated for a halfspace resistivity of 1 Qm at thetimes 1 us, 10 us, 100 us, and
1ms

4.1. 1D TEM IMAGING BASED ON THE ADAPTIVE BORN APPROXIMATION

In the approximation that conductivity changes are small, the Born approxima-
tion describes the change in the response as a linear functional of the change in
subsurface conductivity:

Hy~ HY 4 / TR0 (2), 1, 2)[o(2) — 0™ (2)] d @)
0

where H; isthe measured H -field at thetime;. H{e‘f isthe H-field of thereference
model. F(o" (z),t;,z) is the Fréchet kernel of the reference model. o(z) is the
conductivity of the subsurface. o™ (z) is the conductivity of the reference model.

McGillivray et a. (1994) have presented asimplegeneral method for calculating
3D Fréchet derivatives of electromagnetic measurements. Fréchet kernels for the
1D case have been developed by Chave (1984). For the homogeneous halfspace
Christensen (1995, 1996) finds an analytic expression for the 1D Fréchet kernel for
the vertical magnetic field from a coincident vertical magnetic dipole source.

Flo,t,2) = %94 {%(&f F 1) — (4ut + 4u? — 1)erfc(u)} G

_ [KO _
0= 4t,u 0z.

Figure 2 shows a plot of F'(o,t,z) on alinear and a logarithmic scale, the
latter at four different times for a source dipole of unit moment. It is seen that the
sensitivity is a bell-shaped function of z, which hasits maximum at the surface at
all times. Figure 2b shows how the amplitude decreases and the depth of diffusion
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increases as a function of time. The sensitivity drops very abruptly to zero with
depth, decreasing as u~2 exp(—w?) (Christensen 1995).

In the case considered here the response of the homogeneous halfspace with
conductivity ¢° can be found as the integral of the Fréchet kernel (5) multiplied
with the conductivity o°

3/2
o0 M [o°
A F(ao,ti,z)aodz: % (W_éjl> :HZO, (6)

so in the case, where the reference model is a homogeneous halfspace, we find
o0 o0
H; ~ H? + / F(09t;,2)[0(z) — 0% dz = / F(o° t;,2)0(z)dz.  (7)
0 0

For a measured H,(t;) over any 1D structure the solution of Equation (6) in
terms of ¢ determines the all-time apparent conductivity o®(t;).

When the subsurface is discretized into a layered 1D structure with L layers
given by the layer boundaries z;, i = 1,...,0 + 1, z;, = 0, z;+1 = oo, and the
conductivity is assumed constant within each layer, Equation (7) becomes

L Zj+1 0
H; ~ Zaj/ F(o",t;,z) dz. (8)
=1 7u

The Adaptive Born approximation is obtained by substituting the apparent con-
ductivity o(t;) instead of the constant halfspace conductivity o in the expression
for the Fréchet kernel in Equation (5). Substituting Equations (5) and (6) in (8) we
arrive at:

L Zj+1
H; ~ Zaj/ F(o®(t:), 5, 2) dz
=1 7a

L .
Hi Zj+1 4
=S o= / P(o®(t:), 1, 2) dz
L Zi+1 .
= o) Yoy [ FO" (1)t 2) d ©)
= Jw

Equation (9) definesan approximateforward mapping, wherethe all-time appar-
ent conductivity is expressed as aweighted sum of the conductivities of each layer
with easily calculated weights. Theseweights, however, depend on the datathrough
theall-time apparent resistivity. Thelayer conductivitieso; can befound by solving
the linear system of Equations (9).
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Figure 3. The models obtained using the imaging algorithm on 40 x 40 m? central loop soundings
over atwo-layer decreasing, two-layer increasing, three-layer minimum, and three-layer maximum
model. The figure shows the imaged models together with the true models (thicker curves).

It is worth noting that while the inverse is a one-pass mapping, the forward
mapping can only be realized iteratively, as the apparent conductivities are not
known before the forward response is calculated. A forward mapping procedure
can be initialized by scaling the Fréchet kernel with a constant all-time apparent
conductivity corresponding to a homogeneous halfspace. The calculated all-time
apparent conductivity can then be used to rescale the Fréchet kernel to obtain a
better forward mapping, and so on, until convergence is achieved, usually after
5-10iterations.

As seen in Equation (9) the all-time apparent conductivity does not only serve
the scaling purpose, but isalso used asinput data. Thisparameter isto amuch larger
extent independent on measuring configuration than the step response (Christensen
1995), and so the AIM developed for the vertical magnetic dipoleisalso applicable
for other configurations, e.g. central loop and coincident loop. The configuration
dependence lies in the transformation from step response to al-time apparent
conductivity.

Figure 3 shows the models resulting from the application of the imaging algo-
rithm on synthetic noise-free all-time apparent conductivity datafrom four different
models together with the true resistivity models: two 2-layer models (descending
and ascending) and two 3-layer models (minimum and maximum). The results for
the double descending and double descending 3-layer models are similar to the 2-
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layer models. As step response data transformed to all-time apparent conductivity
have been used, the results are not influenced by the transformation from impulse
to step response. It is seen that the imaging algorithm reproduces descending type
models very well, but reacts slower to ascending resistivity models. The worst
performance is seen with the maximum model, which is to be expected. It is seen
that the imaged models reach the true asymptotic value of the resistivity very well.

The imaging has been realized using the statistical approach givenin Equation
(9) and the inverse has been regularized using standard techniques. a diagonal
data error covariance matrix has been used corresponding to an assumption of
uncoupled noise and a model covariance matrix is defined through a smoothness
constraint on the model.

The models produced by the imaging procedure fit the original data very well.
In Figure 4 the all-time apparent resistivity dataand the all-time apparent resistivity
model response of the imaged models using an exact forward modeling routine are
shown for the four models of Figure 3. The average misfit per data point is 5%,
1.3%, 2%, and 4.3% for the four models, respectively. Thisis very satisfactory for
aone-pass algorithm working almost instantaneously.

In Figure 5 and 6 model sections obtained by concatenating 1D interpretations
of TEM soundings on a profile line using the imaging algorithm and a rigorous
inversion with multiple-layer models with fixed layer boundaries and an L; norm
minimization are compared. The L; norm (Oldenburg and Ellis 1993, Madsen and
Nielsen 1993) has been used to produce more “ blocky” models as the conductivity
changes are expected to be abrupt.

In Figure 5 a profile from the island of Remg, Denmark, consisting of 18 TEM
soundingsin the central loop configuration is shown. The profile transects the NE
corner of the island. The good conductor — the salt water horizon — is closer to the
surface at the ends of the profile, where the distance to the coast is small and lies
deeper in the middle of the profile, which is situated further inland. Note how the
imaged profile section also reflects the surface-near patches of good conductors
(dark gray) seen along the profile at coordinates 1750 m, 2700 m, and 4200 m.
These have been interpreted as wet areas like marshes and moors.

Another example is shown in Figure 6. The profile of 18 central loop TEM
soundings crosses a small river valley at alocation where the stream has a natural
linear coursefor several kilometers, which has caused some speculation. Theexpla-
nation most often given is that the linear course is tectonically determined. This
is confirmed by the TEM profile which reveals a very narrow almost graben-like
depression in the heavy well-conducting Tertiary clays underlying the otherwise
Quaternary formations of thevalley. The depressionis clearly seen on both profiles
and a'so the distribution of sands and gravelswith higher resistivity and clayswith
lower resistivity within the Quaternary deposits are very similar on the two model
sections.
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Figure 4. Comparison between the all-time apparent resistivity data used in Figure 3 and the exact

forward responses of the imaged models for the four models of Figure 3. The average misfits per data
point for the four models are (from above) 2%, 4.3%, 5%, and 1.3%, respectively.
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Figure 5. Comparison of 1D imaging (top) and iterative 1D Li-norm inversions (bottom) of a TEM
profile for the detection of the salt water horizon on the island of Remg, Denmark.

4.2. 2D IMAGING OF TEM MEASUREMENTS

The principle of an adaptive Born approximation can be extended from the 1D case
to the 2D case. For magnetotelluric data this has been demonstrated by Gomez-
Trevifio et al. (1994) and Esparzaet al. (1993, 1996). In the following an algorithm
for the 2D TEM case shall be demonstrated.

If TEM data have been collected on a profile line a model section can be
obtained by concatenating a series of 1D interpretations of the measurements as
seen in Figure 5 and 6. Besides being a good way of visualizing the results of
the 1D interpretations, it is also a perfectly justified way of interpretation when
lateral changesare small or measurementsare sparse. However, when abrupt lateral
changes are present and the density of measurementsis appropriate a2D inversion
is desirable. In the 2D case an AIM would be of even greater help than in the 1D
case, as there are several commercially available least squares iterative inversion
programsfor 1D interpretation, but hardly any suchfor the 2D case. Inthefollowing
| shall present preliminary results from the application of an AB approximation to
formulate a2D AIM for TEM measurements.

As in the case of the 1D problem we shall use the 3D Fréchet kernel of the
homogeneous half-space for the vertical magnetic dipole in the derivation of the
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Figure 6. Comparison of 1D iterative inversions and imaging of a TEM profile across the Gjern river
valley, Jutland Denmark.

AIM. However, the use of apparent conductivity as data in the final formulation
removes the dependence on configuration to a large extent. The Fréchet kernel is
integrated over one horizontal coordinate to give the 2D kernel. The subsurfaceis
discretized into rectangular infinite cylinders by first defining a 1D layered model
with exponentially increasing depth to layer boundaries, which is then discretized
horizontally into model elementswith constant width. For each measuring site and
time of measurement the diffusion depth — and accordingly the diffusion width —
of the Fréchet kernel is scaled according to the all-time apparent conductivity of

the step response. The inverse problem is solved in aleast squares sense according
to

o= (ATc; A +c HtATc, 1o (10)

where A isthe matrix of Fréechet weights, C,, isthe data error covariance matrix,
C,, isthe model covariance matrix, and o¢ is the all-time apparent conductivity
data. The data error covariance matrix is diagonal corresponding to an assump-
tion of Gaussian distributed independent noise on the measurements. The model
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covariance matrix is a full matrix correlating all model elements with each other
and has the elements

0= coma (| (= 22) (B2 ) a

where L, isthe correlation length in the z-direction and L, isthe correlation length
in the z-direction. Cj is the amplitude of the covariance.

Thefact that the diffusion depth of the Fréchet kernel is scaled according to the
al-time apparent conductivity for every measuring site and time of measurement
means that the problem is no longer trandational invariant, as would have been
the case, if a constant halfspace conductivity had been assumed. We are thus
restricted to solving the problem in the space domain and cannot use the method
of transforming to the wavenumber domain, which has proved its efficiency in a
number of other 2D and 3D problems (Li and Oldenburg 1994; Mgller et al. 1996,
Jacobsen 1996).

In Figures 7-10 the results of applying the 2D inverse algorithm are presented
together with concatenated 1D interpretations over four models. In all modelsthere
isa 20 m thick top layer with resistivity 30 m. In Figure 7 a conductive block in
a resistive halfspace is placed under the top layer, and in Figure 8 the block is
resistive in a conducting halfspace. The calculation of model step responses has
been done with the EMIE code (Wannamaker 1991).

The 1D interpretations have been done with a L1 norm to produce as blocky
models as possible (Christensen and Auken 1992; Oldenburg and Ellis 1993). The
subsurface has been discretized into 11 layers with fixed layer boundaries with
exponentially increasing depths (2 per octave), and a smoothness constraint has
been imposed using the first derivative of the resistivity structure.

The 1D model sections seen in Figures 7 and 8 display the typical “pantslegs’
structure also found in the galvanic case of 1D interpretation of 2D geoelectrical
data. This is caused by the fact that the sensitivity of the measurements spreads
sidewards while diffusing downwards. Whenever the sensitivity function reaches
a good conductor the 1D interpretation will place the good conductor at a depth
which increases with the time of the incidence, i.e. the distance to the conductor,
thus producing the pantslegs.

Laterally the conductivity anomalies are placed in the right positions, but the
depth extent of the blocksis strongly underestimated. The conductiveanomaly pro-
duces stronger pants legs structures than the resistive anomaly as must be expect-
ed from transient measurements. Besides being vertically squeezed a conductive
anomaly will appear with avery high conductivity with extremely low conductivity
underneath. Thislatter feature can be used asa“ marker” for identifying locations,
where a 1D interpretation is insufficient.
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Figure7. Comparison between model sectionsobtained through concatenated 1D L1 -norminversions,
1D, and 2D imaging of transient electromagnetic soundings in the central loop configuration with a
40 x 40 m? transmitter loop along a profile. The true model is a conductive block (10 2m) 100 m
wide and 50 m thick in aresistive halfspace (100 2m) with 20 m overburden (30 2m). The distance
between soundingsis 10 m.

Thetheoretical data have also been interpreted using the 1D imaging algorithm
outlined in the previous section. Though the 1D imaging naturally also displays
the pants legs effect it seemsto be less pronounced than for 1D interpretations.
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Resistive block — true section
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Figure8. Comparison between model sectionsobtained through concatenated 1D L1 -norminversions,
1D, and 2D imaging of transient electromagnetic soundings in the central loop configuration with
a40 x 40m? transmitter loop along a profile. The true model is a resistive block (100 m) 100 m
wide and 50 m thick in a conductive halfspace (10 2m) with 20 m overburden (30 2m). The distance
between soundingsis 10 m.

Let usturn to the results of the 2D adaptive Born AIM seen in Figures 7 and 8.
The depth to the top and the latera position of the conductivity anomalies are well
recovered, and it is seen that the pantslegs effects are practically removed. Both in
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the case of the conductive and resistive block it is seen that the depth extent ismuch
better recovered than is the case for 1D inversions. The true conductivities are not
quite reached, but this must be expected from a Born approximation inverse. The
overall pictureis that the 2D AIM is clearly superior to a profile of collated 1D
interpretations or 1D imagings.

The results presented in Figures 7 and 8 have been aobtained with noise-free
step response data. An interesting question is how robust the developed algorithm
is to data noise. This question is addressed in Figure 9, where the results for the
conductive block model based on noise-free data is compared with those obtained
after Gaussian distributed zero-mean noise with a standard deviation of 5 mS and
10 mS, respectively, have been added. The 5 mS noise is 50% of the halfspace
conductivity and 5% of the conductivity of the block, while 10 mS corresponds
to a noise level of 100% of the halfspace conductivity and 10% of the target
conductivity. As expected the results are somewhat more smeared out, but the
overal structure of the model is retained thus showing the robustness of the AIM.

Another interesting question is the superiority of the Adaptive Born approxi-
mation over the ordinary Born approximation. As mentioned, the scaling of the
Fréchet kernel destroysitstranslational invariance and thusobstructsthe possibility
of an extremely fast wavenumber domain solution. If the Adaptive Born approx-
imation is not superior to the ordinary Born approximation this is a high price
to pay. In Figure 10 the result obtained for the conductive block model with the
Adaptive Born approximation is compared with results obtained with the ordinary
Born approximation for different choices of background halfspace conductivity.
Theresultsindicate that if the background conductivity is chosen equal to the sur-
face conductivity the Born approximation performs similar to the Adaptive Born
approximation —at least for the present model —where surface conductivity isvery
homogeneous and the top layer thicknessis not small. If the background conduc-
tivity is wrongly chosen, however, the result is definitely inferior to that of the
Adaptive Born approximation. It is not aways possible to choose the background
conductivity equal to the surface conductivity as a highly inhomogeneous surface
conductivity will make it difficult to choose the background conductivity of the
Born approximation, which must be chosen constant for the whole profile.

Two examplesof the application of the 2D AIM toreal TEM datashall be given.

In Figure 11 the 2D imaging procedure has been applied to a profile of transient
electromagnetic soundings in the central loop configuration recorded with a 40
x 40 m square transmitter loop over the basement horst Hallandsasen in Scania,
Sweden. The investigation was part of a engineering geophysical survey with the
purpose of finding low resistivity zones in the otherwise highly resistive granites
and gneisses. These would indicate areas of water bearing fault zones or heavy
clays as end products of the alteration of the old bedrock, and both would pose
severe difficulties for the drilling of adouble railway tunnel through Hallandsasen.
Besides the TEM soundings CVES profiling was carried out and an extensive
drilling programme was implemented.
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Conductive block — noise free data
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Figure 9. Comparison between model sections obtained through 2D imaging of transient electro-
magnetic sounding data with different noise levels. The true model is the conductive block seen
in Figure 7. The top section is obtained with noise free data. The middle section is obtained after
Gaussian distributed uncorrellated noise with 0.005 S/m standard deviation has been added to the
data. In the bottom section Gaussian distributed uncorrellated noise with 0.01 S/m standard deviation
has been added to the data.

Figure 11a shows the result of a 2D interpretation (Loke and Barker 1996)
of the CVES data. High conductivity zones are clearly indicated on the model
section. Two drillings on the profile line have confirmed the CVES interpretation.
In Figure 11b the result of the 2D imaging algorithm for TEM soundingsis shown.
The average spacing between TEM soundings was 40 m. The inversion has been
carried out using a data error of 5 mS and a model covariance amplitude 16 times
smaller than the data variance. The correlation lengths in the z- and z-directions
were 80 m and 5 m, respectively. Essentially the same geological structures are
found in the TEM model section asin the CVES model section. Figure 11c shows
concatenated 1D interpretations using the L1-norm and amultiple layer model with
fixed layer boundaries.
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Conductive block — Adaptive Born

Elevation [m]

-250 -200 -150 -100 -50 0 50 100 150 200 250

Ordinary Born — Rho0=10 Ohmm

Elevation [m]

-250 -200 -150 -100 -50 0 50 100 150 200 250
Ordinary Born — Rho0=30 Ohmm

Elevation [m]
&
o

-250 -200 -150 -100 -50 0 50 100 150 200 250

Ordinary Born — Rho0=100 Ohmm

Elevation [m]
g

-100
-250 -200 -150 -100 -50 0 50 100 150 200 250

Profile coordinate [m]

0 0.01 0.02 0.03 0.04 0.05 S/m

Figure 10. Comparison between model sections obtained by 2D imaging of transient electromag-
netic soundings using the Adaptive Born approximation and the traditional Born approximation with
different background conductivities. The true model is the conductive block seen in Figure 7. The
top section is obtained through the Adaptive Born approximation. The lower three sections have
been obtained using the ordinary Born approximation with a reference halfspace conductivity cor-

responding to 10 @m, 30 @m, and 100 m, respectively. Noise free data have been used for al
sections.
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Figure 11. Model sections from Sgdra Randzonen, Hallandsasen. The top section is obtained from
2D inversion of CVES data. Results from the 2D imaging is seen in the middle section. The bottom
section shows concatenated 1D L;-norm interpretations of the TEM data.

The 2D TEM imaging reproduces the lateral and horizontal boundaries of the
good conductor found in the area. The conductor has been interpreted as well
conducting clays. Notice how the 2D imaging reproduces the surface-near higher
resistivities seen in the CVES profile though thisis certainly not one of the strong
points of TEM data. Also the near-surface well conducting minor feature at the left
border of the sectionis found in both profiles. The 1D Li-norm inversion result is
somewhat more irregular and misses the leftmost conductive feature.

The second example is from a survey of salt water intrusion in a limestone
aquifer. The profiles have been measured over raised, post-glacial Litorina sea
bottom in the northern parts of Denmark, where limestone, sometimes overlain by
sand, is covered with surficial clays. Central loop soundings with a 40 x 40 m?
transmitter loop have been made for every 40 m on the profiles. In the top part of
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Figure 12. Model sections form Tved, Denmark. The top section isthe model section from concate-
nated 1D four-layer inversions of profile 1. The middle section is model section from concatenated
1D four-layer inversions of profile 2. The bottom section is obtained from 2D imaging.

Figure 12 a model section from concatenated 1D interpretations is shown for the
first of the two survey lines. This section isalmost entirely 1D and the 2D imaging
(not shown here) reproduces this picture. The middle part of Figure 12 shows a
concatenated 1D model section for the second survey line. Thisinterpretation leads
you to believe that the conductivity of the limestone is much more heterogeneous
than on the first profile. The 2D imaging result in The bottom section of Figure 12
shows a different picture altogether. The seemingly randomly distributed well
conducting parts of the limestone revea themselves to be lateral effects, pants
legs effect, of a near-surface very good conductor. Comparing the sections it is
recognized that the thickness of the well conducting feature is underestimated
by the 1D inversions and that the conductivity of the limestone is very low just
below the conductivefeature, just asillustrated in the theoretical example with the
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conductive block. A possible explanation for the well conducting surface feature
would identify it as a fault zone in the limestone. Due to increased weathering
of the fault zone the elevation has become lower than the surroundings and a
thicker layer of clay has been deposited. The slightly increased conductivity below
the near-surface feature supports this interpretation as a fault zone would have a
thicker transition zone between fresh and salt water in the limestone.

In both of the above examples the computation time was approximately 2
minuteson a90 MHz Pentium laptop with 16 MB RAM. The programming hasbeen
done as a hybrid between a FORTRAN program calculating the matrix of Fréchet
weights and the model covariance matrix and a MATLAB program performing
the inversion and plotting. Though the above results can only be described as very
preliminary they do seem encouraging. There remains much to be done in terms
of finding optimal regularization of the inverse problem and faster methods like
conjugate gradient to solve the system of linear equations. Also rules of thumb for
deciding when 1D imaging and inversion are as good as 2D imaging depending on
the density of measurementsand the lateral gradient of conductivity would be very
useful.

5. Discussion and Conclusion

Animportant field of research today concerning el ectromagnetic subsurface imag-
ing isthe use of approximate methodsin forward model calculationsandin inverse
mappings. The limited resolution capabilities of electromagnetic methods and the
sparsity in space and time of electromagnetic data makes it appropriate to use
approximate inverse methods and — as a part of those — approximate forward
modeling procedures.

The approximationsinvolved ininversion of electromagnetic datacan be on dif-
ferent levels, each to beused at different timesof theinterpretation process. Modern
electromagnetic equipment often collects data densely along profile lines and as
an on-line, in-field, real-time processing procedure an extremely fast one-pass 1D
imaging agorithm seemswell suited. The processing gives estimates of subsurface
conductivity beyond the mere data transformation to apparent conductivity and
enables an improved quality control and a continuous update of the measuring
strategy.

Thenext stepin anintegrated interpretation sequence could bethe application of
agood 2D imaging procedure. A minimum requirement for this sort of algorithmis
thatitistruly 2D, i.e. it removesthe artifacts found in 1D imaging of datafrom 2D
structures caused by the lateral extent of the sensitivity function of the measuring
configuration. These algorithms do not necessarily have to be extremely fast, but
should on the other hand not involve substantially more time than it took to collect
the measurements. Based on the results of thisintermediary stage processing inter-
esting anomalies can be identified for subsequent more time-consuming rigorous
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inversion involving iterative methods based on exact (or very good approximate)
forward algorithms and some sort of updating strategy.

The Adaptive Born approximation is suggested as the starting point of an
approximate inverse mapping which can be applied in both frequency and time
domain inverse procedures. The 1D imaging of transient data developed hereisa
very good candidatefor thelow-level, extremely fast, on-line processing mentioned
above. The algorithm is almost instantaneous and the models obtained fit data
typically better than 5%, which is as good as one might expect from rigorous
inversion routines.

The preliminary results shown hereindicate that the AB AIM for transient data
can be successfully applied in the 2D case. Thisis an example of the intermediary
stage imaging procedure mentioned above. The 2D imaging produces model sec-
tions, where the pants legs effect has been removed and where anomalies are not
blurred by lateral effects. Computation times are not discouraging and can probably
be reduced further in the future.

Both the 1D and the 2D imaging procedures have an obvious potential for air-
borne and other continuous EM methods, where extremely large data sets require
fastinterpretation procedures. With therapid devel opment of such measuring strate-
gies 3D interpretation of data from closely spaced profile lines is coming within
reach. The above results indicate that there is reason to believe that 3D AIM
procedures would also benefit from the use of the AB approximation.

Besides offering a fast method of getting a model section from measured data
the full potential of the AB inverse lies in its application in an iterative AIM
inversion. Fast forward algorithms for 2D TEM responses can be devel oped using
the extended Born approximation (Habashy et al. 1993; Slob and van den Berg
1995) and the combination of a (sufficiently) exact forward modeling routine with
the AB inverse should have a large potential as a final processing tool for profile
oriented TEM measurements.

The one-pass 1D and 2D algorithms presented here have two weaknesses: 1) it
is necessary to compute the step response from the convolved impulse response,
and 2) from the step response the apparent conductivity must be determined. The
transformation to step response is not an unconditionally stable procedure and it
depends to a large extent — too large extent — on the parametrization of the step
response. Furthermore, the determination of apparent conductivity from the step
response is only unique for certain simple measuring configurations (central loop,
coincident loop) or for certain intervals of time and conductivity. Both of these
limitations are unsatisfactory, but there are ways to overcome these difficulties by
avoiding the two processing steps mentioned above, so that the imaging procedures
can be used for any configuration and for any transmitter waveform. The price paid
for thisis that the inversion becomes iterative and no longer one-pass. For the 1D
casethisisof noimportance, asthe processing will beextremely fast anyway, but the
consequenciesfor the 2D case could be more severe. However, the step responses
needed for the fast one-pass 2D algorithm could be found as model responses of



506 NIELSB. CHRISTENSEN

the imaged 1D models. This discussion shall not be carried any further here as it
would be beyond the scope of this paper.

Based on the presented preliminary resultsit is concluded that the AB approxi-
mation is superior to the simple Born approximation. However, a systematic com-
parison of results obtained with the AB Born approximation and the extended Born
approximation of Habashy et al. (1993) and the inverse procedures derived from it
(Torres-Verdin and Habashy 1994, 1995) would be very interesting. The adaptive
Born approximation offers an intermediate step between the simple Born and the
extended Born approximations, which is as simple and fast to implement as the
simple Born approximation.
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